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ABSTRACT 
T i t l e  of t h e s i s :  Cosmic Ray Proton and Helium Measurements Qver Half 
a Solar  Cycle 1965-1969 
Thomas A. Rygg, Master of Science, 1970 
Thesis d i rec ted  by James A. Ear l ,  Associate Professor of Physics 
Cosmic ray proton and helium d i f f e r e n t i a l  energy spec t ra  covering 
the  energy range 100 MeV/nucleon - 260 MeV/nucleon were obtained i n  balloon 
f l i g h t s  made each summer 1965-1969 from Ft.  Churchill ,  Manitoba,using a 
Geiger-tube hodoscope detec tor .  The f l i g h t s  cover nearly the  f u l l  extent  
of the  s o l a r  cycle from s o l a r  minimum t o  s o l a r  maximum. 
The de tec to r  is b a s i c a l l y  a sandwich of Geiger tubes, p l a s t i c  scin-  
t i l l a t o r ,  and lead p l a t e s  t o t a l l i n g  75 gms. /cm. i n  thickness. P a r t i c l e  
energy i s  determined by ionizat ion range f o r  p a r t i c l e s  stopping i n  t h e  
detec tor .  
Supplementary da ta  obtained with the detec tor , inc luding balloon 
f l i g h t s  made from Minneapolis, Minnesota and Sioux F a l l s ,  South Dakota, 
and c a l i b r a t i o n  runs made a t  the  Brookhaven AGS and t h e  Cornell Electron 
Synchrotron,are used t o  ve r i fy  predicted detec tor  response. Techniques 
t h a t  w e r e  devised t o  maintain consistency of d a t a  reduction a r e  discussed. 
These include t e s t s  and correct ions f o r  Geiger tube ine f f i c iency ,  6-rays, 
nuclear  in te rac t ions ,  and de tec to r  resolut ion.  The s p e c t r a l  contr ibution 
of atmospheric secondary protons is calculated, including the  e f f e c t  of 
s o l a r  modulation,and agrees with observations made with t h i s  and other  
detec tors .  The ca lcula ted  secondary proton i n t e n s i t y  va r ies  47% over 
the  s o l a r  cycle. 
I n t e g r a l  proton and helium f luxes  above 260 MeV/nucleon obtained 
at  Churchil l  and Minneapolis confirm t h e  general  r i g i d i t y  dependence of 
s o l a r  modulation a s  predicted by most diffusion-convection models. 
However, the  s p e c t r a l  r e su l t s , inc lud ing  the  proton f lux  from 260 MeV 
t o  720 MeV obtained by ion iza t ion  measurements, show t h a t  
simple diffusion-convection theory does not expla in  the  r e s u l t s  below 
a few hundred MeV/nucleon. The year ly  proton d i f f e r e n t i a l  spec t ra  show 
a t o t a l  f a c t o r  of 5 i n  modulation,but t h e  s p e c t r a l  shape does no t  appear 
t o  change. The year ly  helium spec t ra  do appear t o  steepen as t h e  s o l a r  
cycle progresses and show a t o t a l  modulation f a c t o r  of 3.5 t o  4. 
A model t h a t  assumes t h a t  ad iaba t i c  decelera t ion due t o  the  expansion 
of the  s o l a r  wind provides the  major source of l o w  energy cosmic rays 
p red ic t s  spec t ra  of t h e  form K(~)E'" . K(t)  contains a l l  the  t i m e  
v a r i a t i o n  and ac tua l ly  represents  t h e  modulation ac t ing  a t  a few hundred 
MeV, where the  t r a n s i t i o n  from diffusion-convection t o  ad iaba t i c  decelera- 
t i o n  takes place. The model a l so  p red ic t s  t h a t  low energy spec t ra  can be 
no s t eeper  than E ~ ' O  The 1965 and 1967 proton spec t ra  obtained by com- 
bining d a t a  from t h i s  experiment with s a t e l l i t e  r e s u l t s  f u l l y  agree w i t h  
the  predicted form from 20 MeV t o  200 MeV. Spectra obtained i n  o ther  years 
a l so  agree with t h i s  form, but  the absence of s a t e l l i t e  d a t a  a t  t h e  present  
time r e s t r i c t s  t h e  measurement t o  t h i s  de tec tor .  The s i g n i f i c a n t l y  smaller  
helium modulation is a l s o  explained by t h i s  model. I f  t h i s  model is  v a l i d ,  
s t rong object ions  occur i n  r e l a t i o n  t o  present  i n t e r p r e t a t i o n s  of the  spec t ra  
of low energy heavy nuc le i .  
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shows a d i f f e rence  i n  Churchil l  and Minneapolis 'iiuxes 
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30 MeV wi th  t h e  measurements of F r e i e r  and Waddington 
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v i i i  
Figure 29 The excess of apparently stopping events that fire edge 
tubes is demonstrated by plotting the ratio of stopping 
events to the number of penetrating non-interacting events 
as a function of the tube that is fired. 
CHAPTER I 
INTRODUCTION 
The predominant i n t e r e s t  i n  cosmic ray s t u d i e s  i n  recent  years has 
been concentrated on t h e  low energy por t ion of t h e  cosmic ray spectrum 
( 1  GeV). The reasons f o r  t h i s  i n t e r e s t  a r e  t h e  recent  a v a i l a b i l i t y  of 
t h a t  por t ion  of t h e  spectrum from s a t e l l i t e s ,  rockets ,  and high-a l t i tude  
balloons and the  r e l a t i v e  ease  of iden t i fy ing  p a r t i c l e  energies and f luxes  
with t h e  f a i r l y  small  de tec tors  tha t  can be employed. Probably the  fore- 
most reason i s  t h e  presumed high information content of t h e  spect ra ,  due 
t o  t h e  suscep tab i l i ty  of these  p a r t i c l e s  t o  matter  and f i e l d s  i n  the  
in terplanetary  and i n t e r s t e l l a r  media. 
Low energy cosmic rays a re ,  therefore ,  t h e  convenient t o o l  used i n  
studying propagation phenomena. The most obvious of these  i s  t h e  modulation 
of cosmic ray i n t e n s i t y ,  which i s  corre la ted  with t h e  eleven year cycle of 
s o l a r  a c t i v i t y  (Forbush 1954). Unfortunately propagation s tud ies  t h a t  
extend beyond t h e  s o l a r  neighborhood require  a complete understanding of 
s o l a r  modulation e f f e c t s  i n  terms of both energy and i n t e n s i t y  changes. 
It i s  a l s o  necessary t o  demodulate the  spectrum i n  order t o  understand the  
ro les  of cosmic ray heat ing of the  i n t e r s t e l l a r  medium and cosmic ray 
pressure i n  g a l a c t i c  dynamics. The demodulated s p e c t r a l  shape i s  a l s o  
of i n t e r e s t  i n  s o r t i n g  out  cosmic ray source and accelera t ion mechanisms. 
Final ly ,  a complete understanding of t h e  modulation process i t s e l f  can 
give i n s i g h t  i n t o  mechanisms of i n t e r s t e l l a r  propagation through analogy 
with t h e  in terplanetary  case. 
A widely accepted modulation mechanism i s  t h e  diffusion-convection 
model proposed by Parker (1958). I n  t h i s  model magnetic s c a t t e r i n g  
centers  ca r r i ed  by t h e  s o l a r  wind tend t o  sweep t h e  cosmic rays 
out of the  s o l a r  cavity.  The r e s u l t i n g  densi ty  gradient  promotes inward 
di f fus ion,  which eventually balances the  outward convection. J o k i p i i  
(1966, 1967) has developed the concept of s c a t t e r i n g  centers  i n t o  a 
p i c t u r e  i n  which smal l  s c a l e  i r r e g u l a r i t i e s  i n  a general ly uniform magnetic 
f i e l d  a r e  t r e a t e d  a s  t ransverse  waves. This p i c t u r e  i s  q u i t e  consistent  
wi th  in te rp lane ta ry  magnetic f i e l d  observations (Ness 1964). P a r t i c l e s  
whose gyro-radii a r e  of t h e  same s c a l e  a s  the  wave length of the  ir- 
r e g u l a r i t i e s  a r e  most e f f e c t i v e l y  sca t t e red  by those waves. Measurements 
of t h e  in terplanetary  f i e l d  i r r e g u l a r i t i e s  then y i e l d  an e f f e c t i v e  d i f -  
fusion coef f i c ien t  t o  be applied i n  the  d i f fus ion  convection model. 
Since t h i s  same model is  proposed f o r  i n t e r s t e l l a r  propagation, simultaneous 
measurements of t h e  in te rp lane ta ry  magnetic f i e l d ,  s o l a r  wind veloci ty ,  
and cosmic ray i n t e n s i t y  over a reasonable ex ten t  of in te rp lane ta ry  space 
and t i m e  i n  t h e  s o l a r  cycle should y ie ld  not  only the unmodulated spec t ra  
but  should a l s o  serve  as  a test of J o k i p i i ' s  propagation model. 
Solution of t h e  d i f fus ion  - convection problem properly includes 
t h e  e f f e c t s  of energy changes due t o  the  expansion of the  s o l a r  wind 
(Parker 1965, Axford 1965). I f  t h e  energy changes due t o  ad iaba t i c  
decelera t ion a r e  l a r g e  then one needs t o  re-examine those current  i n t e r -  
p re ta t ions  placed on the  r e l a t i v e  abundances of low energy cosmic rays 
which a s s u m e  t h a t  p a r t i c l e  energies do not change during t h e  penet ra t ion  
of in te rp lane ta ry  f i e l d s .  
The experiment described i n  t h i s  t h e s i s  is an attempt t o  c l a r i f y  
some of the  modulation e f f e c t s  through yearly measurements of the  proton 
and helium low energy s p e c t r a  (100 - 250 MeV) from 1965 (a period of mini- 
mum s o l a r  a c t i v i t y )  through 1969 ( a  period of maximum s o l a r  a c t i v i t y ) .  
Combined wi th  surveys of t h e  o ther  important parameters, one could hope 
t o  obta in  t h e  unmodulated spec t ra  of these  components. Alone, they can 
be used t o  test t h e  s p e c i f i c  predic t ions  of models giving t h e  charge and 
ve loc i ty  dependence of t h e  average di ,ffusion coef f i c ien t  i n  the  s o l a r  cavity 
The de tec to r  used i n  t h i s  experiment is  q u i t e  w e l l  su i t ed  t o  the task ,  
i n  t h a t  consistency i n  energy and i n t e n s i t y  determinations is  e a s i l y  a t t a ined  
with reasonable care i n  d a t a  reduction. Since t h e  same detec tor  was used 
throughout, systematic e r r o r s  i n  f l u x  l e v e l s  w i l l  cancel when f r a c t i o n a l  
changes a r e  considered. The energy discrimination of the  de tec to r  is 
perhaps i t s  most important f ea tu re .  The employment of t h e  p a r t i c l e ' s  
range a s  the  determination of energy gives sharp non-drifting energy 
resolut ion and the  capab i l i ty  of measuring t h e  rapidly  changing s p e c t r a l  
i n t e n s i t i e s ,  t h a t  are predicted by most d i f fus ion  - convection models of 
modulation. The d i g i t a l  na ture  of t h e  da ta  allows computer analys is  f o r  
de tec to r  f a u l t s  and provides consistency i n  t h e  analys is  procedures. 
Chapter I1 presents  the  detec tor ,  i t s  operat ion,  and preliminary da ta  
processing. Chapters 111 and I V  contain a discussion of t h e  observed and 
predicted de tec to r  response t o  f l i g h t  da ta  and ca l ib ra t ion  d a t a  obtained 
a t  the  Brookhaven AGS and t h e  Cornell Electron Synchrotron. The da ta  pro- 
cessing techniques used t o  obta in  t h e  p a r t i c l e  f l u x  measurements a r e  
introduced i n  Chapter V. Chapters V I  and V I I  present  the  p a r t i c l e  spec t ra  
t h a t  a r e  obtained and discusses t h e i r  c o n f l i c t  with simple d i f fus ion  - 
convection theory. By se lec t ing  appropriate elements i n  a set of conf l i c t ing  
data,  a p l a u s i b i l i t y  argument is presented i n  Chapter V I I  which explains a 
number of important f ea tu res  t h a t  a r e  observed with t h i s  and other  detec tors .  
For example, low energy spec t ra  have t h e  form K ( ~ ) E ' ~ O ,  and a s i g n i f i c a n t l y  
deeper proton modulation compared with t h e  helium modulation cannot be explained 
by a rigidity-dependent modulation. The model developed i n  Chapter V I I  
assumes t h a t  ad iaba t i c  decelera t ion predominates over d i f fus ion  a s  t h e  
phenomenon which determines the  i n t e n s i t y  of low energy p a r t i c l e s .  
Chapter V I I  is  a discussion of the  implicat ions of t h i s  model on t h e  
i n t e r p r e t a t i o n  of t h e  spec t ra  of cosmic ray heavy nuc le i  a t  low energies.  
CHAPTER 11 
THE DETECTOR 
The detec tor ,as  shown i n  Figure 1 , c o n s i s t s  of a  Geiger tube hodo- 
scope, a  dE/dx s c i n t i l l a t o r , a n d  a sandwich of lead and p l a s t i c  s c i n t i l l a t o r  
plates,which comprise a t o t a l  energy calorimeter .  The hodoscope defines 
t h e  range and geometry of a  p a r t i c l e  and de tec t s  nuclear  in te rac t ions  
occurring i n  t h e  lead.  The dE/dx s c i n t i l l a t o r  measures the  r a t e  of 
ion iza t ion  l o s s  of t h e  inc ident  p a r t i c l e .  The combined l i g h t  output of 
t h e  f i v e  calorimeter  p l a t e s  is  a sample of t h e  t o t a l  energy deposited i n  
the  lead absorber. The t r a y s  of Geiger tubes measure 15 cm x 15 cm,and 
the  apparatus is 32 cm high. The t o t a l  absorber thickness of the  de tec to r  
2 i s  equivalent  t o  75 gms/cm of lead.  
The organical ly  quenched Geiger tubes a r e  1.59 cm outs ide  diameter 
s t a i n l e s s  steel  with a wa l l  thickness of ,0.26 mm. Their s e n s i t i v e  
length i s  14.96 cm. The tubes a r e  arranged i n  f i v e  p a i r s  of crossed t r ays  
t o  g ive  a 90° s t e r e o  p i c t u r e  of each event. The s c i n t i l l a t o r  p l a s t i c  is 
Semi-elements Polyfluor and measures 15.2 cm x 15,2 cm x 0.635 cm, 
The l i g h t  output of t h e  dE/dx s c i n t i l l a t o r  and t h e  combined output 
of t h e  f i v e  calorimeter  s c i n t i l l a t o r s  a r e  each di rec ted  by edge mounted 
l i g h t  pipes t o  a 1 1/2" RCA 6199 Photomult ipl ier  tube. The amplitude of 
the  photomult ipl ier  s i g n a l  i s  determined by a logari thmic pulse height  
analyzer,which has a channel width of 33% (8 channels cover a f a c t o r  of 
10).  Two such analyzers a r e  cascaded t o  cover a f a c t o r  of 100 i n  pulse 
height .  
Upon rece ip t  of a t r i g g e r  command, t h e  state of each of the  Geiger 
tubes and t h e  two s c i n t i l l a t o r  pulse  heights  are read out and recorded 
a s  an event. Figure 2 is  a l o g i c a l  diagram of t h e  detec tor .  Each Geiger 
tube and each pulse  height  d iscr iminator  is connected t o  an associated 
binary c i r c u i t .  These binary c i r c u i t s  a r e  connected a s  a c i r c u l a r  144 b i t  
s h i f t  r e g i s t e r .  The output of each binary is  a l s o  ava i l ab le  f o r  t r igger -  
ing purposes. 
When t h e  apparatus is wait ing f o r  a cosmic ray event ,the b ina r ies  
a r e  a l l  monostable. Each Geiger tube and each discriminator t r a n s i t i o n  
causes i t s  associa ted  binary t o  t u r n  on f o r  5 microseconds. When a 
t r i g g e r  requirement ( t o  be discussed l a t e r )  is s a t i s f i e d ,  t h e  con t ro l  
e l ec t ron ics  generates hold and s h i f t  commands which perform the  following 
functions: 1 ) .  a l l  f u r t h e r  inputs  a r e  gated o f f ;  2 ) .  t h e  b ina r ies  
a r e  clamped i n  whatever s t a t e  they w e r e  i n  a t  t h a t  t i m e ;  3) .  the  s h i f t  
r e g i s t e r  is ac t iva ted  t o  s h i f t  a l l  information i n  a c i r c u l a r  path through 
t h e  con t ro l  e l ec t ron ics .  
A modulator c i r c u i t  i n  the  con t ro l  e l ec t ron ics  converts the  binary 
information contained i n  the  s h i f t  r e g i s t e r  t o  a Pulse Code Modulation 
(PCM) s i g n a l  s u i t a b l e  f o r  telemetry. The s h i f t  clock which serves a s  the  
bas ic  clock f o r  t h e  e n t i r e  system was operated a t  1 K C  i n  1965 and 1966 
and a t  4 KC i n  1967-1969. Both the  1 KC tuning fork  and the  4 KC c r y s t a l  
proved t o  be accura te  t o  b e t t e r  than 0.1%. An Olland cycle a l t ime te r  was 
used t o  amplitude modulate the  PCM wave form. I n  1965 and 1966 a modified 
GMD meteorological t r ansmi t t e r  operat ing a t  1680 MC F.M. was used f o r  
telemetry. Incorporat ion of a Sonex telemetry t ransmit ter  operat ing a t  
237.8 MC F.M. i n  1967 allowed ;he f a c t o r  of 4 increase  i n  b i t  r a t e  p lus  
a s u b s t a n t i a l  decrease i n  b i t  e r r o r  p robab i l i ty  and telemetry coverage 
t o  t h e  horizon. 
The d i r e c t i o n a l  f i l t e r  coincidence is t h e  designat ion of t h e  de tec t -  
o r ' s  t r i g g e r  requirement. A s  i nd ica ted  i n  Figure 3, eleven two-fold 
coincidences between tubes i n  t r a y s  1 and 3 s e l e c t  p a r t i c l e  t r a j e c t o r i e s  
which pass through t r a y  10 of t h e  apparatus. An i d e n t i c a l  set of coinci-  
dences e x i s t s  between t r a y s  2 and 4. To s a t i s f y  t h e  d i r e c t i o n a l  f i l t e r  
requirement such a coincidence must occur i n  both  p a i r s  o f  t r ays .  This 
use of mul t ip l e  telescopes def ines  a w e l l  col l imated beam of reasonable 
geometric f a c t o r  wi th  economy of space be fo re  i t  e n t e r s  the  main body of 
the  de tec to r .  The t r a y  spacing of 8 . 3  cm gives  a geometric f a c t o r  of 10.3 
2 
cm s t e rad ian .  
Figure 4 o u t l i n e s  t h e  da ta  processing scheme. I n  operat ion during 
a ba l loon f l i g h t  a 12 b i t  sync word, 6 b i t s  of housekeeping information, 
36 b i t s  of pu l se  he igh t  information and 90 b i t s  of Geiger tube information 
a r e  read out  th ree  t i m e s .  The t r i p l e  read-out a ids  i n  de tec t ion  of b i t  
e r r o r s  due t o  t ransmission no i se  and assures  t h a t  no b i t s  a r e  l o s t  by 
t h e  s h i f t  r e g i s t e r .  The 237.8 Mc telemetry s i g n a l  is  a 4 Kc PCM waveform 
t h a t  is amplitude modulated by t h e  a l t i m e t e r  s igna l .  
A t  t he  ground s t a t i o n  the  PCM s i g n a l  is recorded on one-half inch 
magnetic tape  wi th  NASA 36 Bit Time Code on a p a r a l l e l  t r ack .  I n  add i t ion  
a ' ' rea l  time" event monitor provides a p i c t o r i a l  d isp lay  on a CRT of each 
event a s  i t  is received t o  a s su re  t h a t  the  apparatus is funct ioning 
properly and t h a t  d a t a  is  being received co r rec t ly .  The demodulated 
a l t i m e t e r  s i g n a l  and event r a t e  a r e  recorded wi th  a time s i g n a l  on a s t r i p  
c h a r t  a l s o  f o r  " r e a l  time" ana lys i s .  
The computer processing of t h e  PCM da ta  begins with a d i g i t i z a t i o n  
of t h e  information on t h e  analog f l i g h t  tapes.  The PCM telemetry and 
time formats w e r e  se lec ted  t o  be compatible with f a c i l i t i e s  made avai l -  
ab le  by Goddard Space F l i g h t  Center i n  Greenbelt, Maryland. The analog- 
s i g n a l  is  fed a t  e igh t  times " r e a l  time" t o  a b i t  synchronizer and analog- 
to -d ig i t a l  converter  which i s  connected t o  one da ta  channel of a CDC 3200 
computer. The t i m e  s i g n a l  is  fed t o  a t i m e  decoder which i n  tu rn  feeds 
t h e  time t o  another da ta  channel. A s h o r t  con t ro l  program converts t h e  
PCM da ta  t o  the  o r i g i n a l  binary b i t  stream which i s  segmented and w r i t t e n  
on a d i g i t a l  tape  wi th  t h e  appropriate t i m e .  
The second s t a g e  of computer processing is  performed by an IBM 7094 
computer under t h e  con t ro l  of a program named FINDUM. This program lo-  
c a t e s  t h e  events i n  t h e  b i t  stream by recognit ion of t h e  sync word i n  a l l  
th ree  read-outs. Noise is  re jec ted  by comparing the  th ree  event read-outs 
b i t  by b i t  and defining the  t r u t h  a s  t h e  two b i t  read-outs t h a t  agree. A 
set of loose c r i t e r i a  based on b i t  e r r o r  and d i r e c t i o n a l  f i l t e r  information 
is  applied t o  determine whether an event i s  worthy of fu r the r  considera- 
t ion .  The d i g i t a l  tape  which is  generated by FINDUM contains the  binary 
representa t ion of accepted events p lus  a set of desc r ip t ive  parameters 
which charac te r i ze  each event such as  wait ing time, pulse heights ,  b i t  
e r r o r s ,  e t c .  The p r in ted  output generated by FINDUM is  a r a t h e r  extensive 
set of housekeeping information corresponding t o  each 15 minute i n t e r v a l  
of bal loon f l i g h t  time. These include pulse  height  and wait ing t i m e  
histograms,Geiger tube discharge t a l l i e s ,  and various b i t  e r r o r  t ab les .  
The f i n a l  s t a g e  of computer processing proceeds i n  the  I B M  7094 
under c o n t r o l  of a program named ULTIMATE. The primary output  from 
ULTIMATE is a t h r e e  dimensional matr ix  whose axes a r e  var ious  p roper t i e s  
of an event a s  assigned by FINDUM. The matr ix  is a t a l l y  of only those  
events  which s a t i s f y  a set of s t r i n g e n t  a c c e p t a b i l i t y  c r i t e r i a .  These 
c r i t e r i a  a r e  t a i l o r e d  t o  t h e  p a r t i c u l a r  type of ana lys i s  t h a t  i s  being 
performed. ULTIMATE a l s o  compiles more housekeeping information con- 
cerning s e n s i t i v e  times, Geiger tube t r a y  e f f i c i e n c i e s  and d i r e c t i o n a l  
f i l t e r  te lescope  f i r i n g  p r o b a b i l i t i e s .  
CHAPTER I11 
DETECTOR RESPONSE 
The object ive  of t h e  present  experiment i s  t o  determine t h e  energy 
spec t ra  of cosmic ray protons and helium nuc le i  from 66 - 250 MeV/nucleus 
a s  determined by t h e  range, dE/dx, and calorimeter  responses t o  the  
various p a r t i c l e s .  The energy and species  of a p a r t i c l e  a r e  uniquely 
determined by measuring any two of these  parameters a s  long a s  ion iza t ion  
losses  dominate. However, t h e  l a r g e  amount of absorber i n  the  detec tor  
produces a considerable background of nuclear  in te rac t ions  which tends t o  
mask non-interacting p a r t i c l e s  i n  any two dimensional analys is .  W e  
reduce t h e  background in te rac t ions  i n  two ways. 1) .  By se lec t ing  f o r  
ana lys i s  events which f i r e  5 1 Geiger tube per tray,we e l iminate  obvious 
in te rac t ions .  2).  By analyzing t h e  events i n  a three  dimensional matrix, 
p l o t t i n g  dE/dx pulse height  vs.  calorimeter  pulse  height  vs. the  number 
of the  l a s t  t r a y  i n  which a Geiger tube was f i r e d  (LASTRA), the  o v e r a l l  
dens i ty  of t h e  res idua l  in te rac t ions  i s  reduced. 
Figure 5 shows t h e  predicted dE/dx vs. calorimeter  response a s  a 
funct ion of p a r t i c l e  species  and energy. The curves w e r e  ca lcula ted  by 
f i r s t  converting a l l  mater ia ls  i n  t h e  de tec to r  t o  t h e i r  lead equivalent  
absorber thickness and the  depths t o  the  various counter elements was 
determined a s  shown i n  Table I. A computer program was then used t o  
determine the  dE/dx and calorimeter  response and the  range of p a r t i c l e s  
of various energies by in tegra t ing  an ionization-energy power law f i t  t o  
the  range-energy graphs published by t h e  UCRL (Trower 1966). The non- 
l i n e a r  response of the  s c i n t i l l a t i o n  p l a s t i c  was included using an equa- 
t i o n  of the  following form: 
I n  Eq. 3 .1  L is  t h e  observed l i g h t  output due t o  a l o s s  of energy E 
i n  the  s c i n t i l l a t o r .  L and E a r e  t h e  corresponding values f o r  a minimally 
m m 
ioniz ing p a r t i c l e .  The non-l ineari ty parameter y was found t o  be 0.10 f o r  
protons and 0.07 f o r  helium nuc le i  by f i t t i n g  t h e  da ta  of Badhwar e t  a l .  
(19679 over an appropriate range of energies.  
I n  Figure 5 , the  4- symbols i n d i c a t e  the  points  of accumulation of 
r e l a t i v i s t i c  p a r t i c l e s .  Slower p a r t i c l e s  which s t i l l  pass through t h e  
de tec to r  l i e  on t h e  pos i t ive ly  sloped branch r i s i n g  out  of t h i s  point .  
P a r t i c l e s  which s t o p  i n  t h e  de tec to r  l i e  on the  multibranched locus a t  
l a rge r  dE/dx. The mul t ip le  branches a r e  due t o  the  d i s c r e t e  na tu re  of 
t h e  calorimeter  wherein t h e  cusps correspond t o  p a r t i c l e s  ac tua l ly  stop- 
ping i n  the  s c i n t i l l a t o r  p l a s t i c ,  The numbers on the  curves a r e  t h e  values 
of LASTaAfor each branch and correspond t o  events l y i n g  on separa te  pages of 
t h e  matrix. Since t h e  range-energy r e l a t i o n  i s  q u i t e  exact ,  W T E U  defines 
d i s t i n c t  energy i n t e r v a l s  which are a function of absorber thickness 
r a t h e r  than e l e c t r o n i c  ca l ib ra t ion .  
Also shown i n  Figure 5 is the  s i z e  of the  de tec to r  resolut ion f o r  
minimally ioniz ing p a r t i c l e s .  To assure  t h a t  non-interacting events and 
t h e  background events w e r e  we l l  separated considerable care was applied 
i n  constructing syn the t i c  response curves f o r  t h e  non-interacting events,  
For t h e  most favorable separa t ion of protons and alpha p a r t i c l e s  a l l  
analyses have been made using diagonalized d i s t r i b u t i o n s  wherein the  
elements of t h e  pulse height  matrix a r e  summed along l i n e s  of dE/dx + 
calorimeter  = constant .  These a r e  l i n e s  of s lope  - 1 on t h e  matrices. 
We def ine  t h i s  a s  the  "negative diagonal" d i s t r ibu t ion .  Figure 6 shows 
normalized d i s t r i b u t i o n s  f o r  sea  l e v e l  cosmic ray muons and 4 Gv protons 
plus pions from t h e  Brookhaven A,G.S. The curve t h a t  is  drawn i n  is  a 
Gaussian with a variance of 4.35 channels. The t h i r d  set of da ta  ver i -  
f i e s  t h a t  the  d i s t r i b u t i o n  i n  the  matrix i s  a two dimensional Gaussian 
with equal  s tandard deviat ions i n  a l l  d i rec t ions .  It is t h e  d i s t r i b u t i o n  
of 4 GV protons and pions obtained by summing matrix elements along l i n e s  
of s lope  + 1. The advantage of the  "posi t ive  diagonal" d i s t r i b u t i o n  is 
t h a t  i t  gives t h e  de tec to r  r eso lu t ion  even when these  a re  small  p o s i t i v e  
cor re la t ions  i n  t h e  matrix. 
I n  Figure 7,we make use of the  p o s i t i v e  diagonal t o  demonstrate t h a t  
the  de tec to r  r eso lu t ion  is  a function of s c i n t i l l a t o r  output.  The curves 
a r e  "posi t ive  diagonal" d i s t r i b u t i o n s  of the  LaSTRA 10 protons and helium 
nuc le i  obtained i n  a bal loon f l i g h t .  I n  t h e  lower p a r t  of the  f igure  the  
standard devia t ions  of t h e  proton, helium and slow proton d i s t r i b u t i o n s a r e  
p lo t t ed  as a function of t h e  sum of dE/dx plus calorimeter pulse  height ,  The 
dashed l i n e  which has been normalized t o  t h e  proton point  is  the  expected 
behavior of o when t h e  only cause of f luc tua t ions  is  photoelectron 
s t a t i s t i c s .  Obviously t h i s  i s  the  major cause of counter f luc tua t ions  
f o r  t h i s  de tec tor .  An empirical  f i t  t o  t h e  f luc tua t ion  d a t a  is: 
o = 3.54 exp(-0.0575 x pulse  height)  
The f i n a l  s t e p  i n  constructing t h e  s y n t h e t i c  d i s t r i b u t i o n s  involves 
fo ld ing t h e  resolut ion function i n t o  the  de tec to r  response curves t o  ob- 
t a i n  t h e  expecte.d peak shapes f o r  protons and helium nucle i .  I n  t h i s  
procedure, we assume t h a t  t h e  amplitude of t h e  f luc tua t ions  va r ies  exact ly  
a s  i n  Figure 7 f o r  a l l  pulse heights  and tha t  t h e  d i s t r i b u t i o n  i n  energy 
of t h e  p a r t i c l e s  along the  response locus is independent of energy. Each 
LASTRA branch of t h e  response locus i s  divided i n t o  f i v e  o r - s i x  in te rva l s .  
A t  t h e  dE/dx plus  calorimeter  pos i t ion  of each of these  i n t e r v a l s  a Gaussian 
is  constructed whose width i s  determined by E q .  3 . 2 .  The normalized weighted 
sum of these  Gaussians is t h e  syn the t i c  de tec to r  response. 
I n  ca lcula t ing t h e  syn the t i c  d i s t r i b u t i o n s  f o r  LASTRA 10 events, the 
d i s t r i b u t i o n s  along t h e  response l o c i  were obtained using t h e  1965 proton 
and helium spec t ra  given by Meyer (1969). However these  peak shapes do 
not  depend c r i t i c a l l y  upon t h e  exact  form of t h e  energy spect ra .  
Figures 8a and 8b, which demonstrate t h e  v a l i d i t y  of t h e  syn the t i c  
d i s t r i b u t i o n s  f o r  both f a s t  and stopping p a r t i c l e s ,  exh ib i t  t h e  shapes and 
posi t ions  r e l a t i v e  t o  minimum ionizat ion of t h e  syn the t i c  curves and show 
t h a t  they c losely  match the observed points .  The broad peak i n  Figure 8b 
near minimum ion iza t ion  i S  the  shape of t h e  e lec t ron  and f a s t  proton 
background events a s  determined from acce le ra to r  ca l ib ra t ions .  
CHAPTER I V  
THE VOLUME OF DATA 
The set of da ta  obtained wi th  t h i s  de tec to r  is  summarized i n  Tables 
I1 and 111. It includes 15  balloon f l i g h t s  and c a l i b r a t i o n  exposures t o  
protons and pions at  the  Brookhaven Al ternat ing Gradient Synchrotron and 
t o  e lec t rons  a t  the  Cornell  Synchrotron. The 8 balloon f l i g h t s  launched 
from Ft.  Churchil l ,  Manitoba cover near ly  the  e n t i r e  period from cosmic 
ray maximum i n  May 1965 t o  cosmic ray minimum i n  June 1969 with one o r  two 
f l i g h t s  each summer. The balloons a r e  launched a t  Ft .  Churchil1,and once 
they reach c e i l i n g  they d r i f t  near ly  due w e s t  and a r e  cut  down near 
Uranium City,  Saskatchewan a f t e r  about 12 hours a t  ce i l ing .  Although the  
geomagnetic cutoff  r i g i d i t y  a t  t h e  l a t i t u d e  of Churchill  va r i es  from day 
t o  n i g h t p i t  remains below 100 MV. The atmospheric cutoff  a t  2 gms/cm 2 
f o r  protons isrhowever,300 MVgtherefore t h e  protons and helium nuc le i  
seen at  Churchil l  a r e  g a l a c t i c  cosmic rays p lus  atmospheric secondaries, 
The d a t a  from t h e  Churchil l  f l i g h t s  w i l l  be used t o  study t h e  shape of 
t h e  s o l a r  modulation function throughout the  s a l a r  cycle. A l l  of t h e  
f l i g h t s  a t  Churchil l  w e r e  made during r e l a t i v e l y  qu ie t  times as  determined 
by neutron monitors. 
The seven balloon f l i g h t s  launched a t  intermediate l a t i t u d e s  (Min- 
neapolis  and Sioux Fa l l s )  cover t h e  period 1965-1968. These f l i g h t s  w e r e  
made i n  t h e  l a t e  summer when t h e  upper winds a r e  general ly slow and 
random i n  d i r e c t i o n  s o  t h a t  f l i g h t s  of up t o  32 hours a t  c e i l i n g  have 
been made while the  balloon remains wi th in  300 miles of t h e  launch s i t e .  
The geomagnetic cutoff  i n  t h e  a rea  covered by these  f l i g h t s  runs from 
1.0 t o  2.0 GV so  t h a t  the  protons stopping i n  t h e  de tec to r  a r e  a l l  below 
cutoff  and cons i s t  of secondaries p lus  re-entrant  albedo. The r i g i d i t i e s  
of stopping helium nuc le i  however span t h e  cutoff  region and provide 
q u i t e  accura te  determinations of cutoff  r i g i d i t i e s  s ince  the re  a r e  very 
few secondary o r  albedo helium nucle i .  A l l  of these  f l i g h t s  except 1057 
were made during r e l a t i v e l y  undisturbed times. F l igh t  1057 occurred 
during an a c t i v e  geomagnetic period associated with a s o l a r  f l a r e  two 
days before and w i l l n o t  be considered i n  t h e  present  analys is .  
The c a l i b r a t i o n  exposure a t  t h e  Brookhaven A.G.S. cons i s t s  mainly 
of 2 and 4 GV p a r t i c l e s  i n  the  momentum-selected test beam. Figure 9a 
depic ts  t h e  Brookhaven c a l i b r a t i o n  set-up. During a por t ion  of t h e  beam 
pulse  t h e  G-10 t a r g e t  is f l ipped i n t o  t h e  main beam. The G-10 secondary 
p a r t i c l e s  emitted a t  l o 0  a r e  than momentum analyzed by magnets M 1  and M2 
giving a momentum width of about 1%. Res t r i c t ions  on magnet current  
l imi ted  t h e  h ighes t  ava i l ab le  momentum t o  4 GV. The 400 microsecond dead 
time of the  Geiger tubes requires t h a t  counting r a t e s  be kept a t  a 
minimum. Since t h e  i n t e n s i t y  of t h e  beam was not  adjus table ,  t h e  
de tec to r  was gated so  t h a t  only the  f i r s t  p a r t i c l e  i n  any beam pulse 
passing through t h e  de tec to r  was allowed a s  a t r i g g e r .  The pulse  
r a t e  of 1800 events per  hour made it r a t h e r  d i f f i c u l t  t o  obta in  t h e  
des i red  volume of data.  Some exposures were made a t  momenta ranging 
from 450 MV t o  700 MI i n  hopes of defining t h e  response t o  stopping 
protons. However, t h e  high pion population a t  these lower momenta over- 
whelmed any contr ibut ion from protons. Separate runs a t  2 and 4 GV 
were made wi th  a s l a b  of lead 3.0 rad ia t ion  lengths t h i c k  above 
t h e  de tec to r  t o  avoid t h e  poss ib le  pos i t ron  contamination of t h e  beam 
from (a,  p, e)  decays. It was l a t e r  confirmed a t  Cornell t h a t  the  lead 
s l a b  was 100% e f f i c i e n t  f o r  e l ec t rons  i n  i n i t i a t i n g  l a r g e  enough showers 
t o  cause mul t ip le  discharges i n  t r a y s  1 through 4. The 2 and 4 GV 
exposures w e r e  made primari ly t o  study proton in te rac t ions  and t h e i r  
v i s i b i l i t y  i n  the  de tec to r  s o  t h a t  s u i t a b l e  i n t e r a c t i o n  correc t ions  
could be made t o  f l i g h t  data. 
A c a l i b r a t i o n  exposure t o  e lec t rons  from 105 MeV t o  1200 MeV w a s  
made a t  the  Cornell Synchrotron. As shown i n  Figure 9b, y-rays from the  
synchrotron convert i n  a t h i n  lead p l a t e  and the  r e s u l t i n g  e lec t ron  - 
pos i t ron  beam i s  momentum analyzed. The beam pulses 60 t i m e s  per  second 
s o  t h a t  the  inherent  dead t i m e  during read out  of an event assures t h a t  
only t h e  f i r s t  e l ec t ron  of each beam pulse  i s  accepted. The Cornell  
electrons-especial ly the  300 MeV data-were used t o  demonstrate t h a t  
e l ec t rons  a t  these  energies can give  a s i n g l e  p a r t i c l e  s ignature  i n  the  
Geiger tubes and therefore  account f o r  most of t h e  background a t  low 
ion iza t ion  a s  i n  Figure 8b. 
Sea-level muon d a t a  a l s o  has been analyzed t o  b e t t e r  def ine  t h e  
de tec to r  response t o  non-interacting p a r t i c l e s .  
CHAPTER V 
COMPUTATION OF FLUXES 
Since t h e  goal  of t h i s  ana lys i s  is t o  compare f a i r l y  s m a l l  f l u x  v a r i a t i o n s  
over t h e  s o l a r  cycle ,  a number of techniques have been developed t o  assure  t h a t  
t h e  ana lys i s  is  cons i s t en t  and reproducible even when t h e  q u a l i t y  of t h e  d a t a  
v a r i e s .  These techniques a l s o  i d e n t i f y  d e t e c t o r  problems when they occur, 
A d e t a i l e d  d i scuss ion  of each of t h e  techniques is provided i n  t h e  appendices, 
The following summary of t h e  step-by-step computation of f luxes  makes numerous 
references t o  these  appendices. 
The ana lys i s  begins wi th  t h e  generat ion of a th ree  dimensional matr ix 
which contains e s s e n t i a l l y  a l l  t h e  c lean  t r i g g e r  (one and only one discharge 
i n  t r a y s  1 - 4) events  f o r  t h e  c e i l i n g  por t ion  of t h e  bal loon f l i g h t .  Each 
page of t h e  matr ix  is  a two dimensional dE/dx vs.  ca lor imeter  pulse  he igh t  
histogram f o r  a c e r t a i n  c l a s s  of events .  The c l a s ses  a r e  based on t h e  Geiger 
tube information and a r e  l i s t e d  i n  Table I V .  Pages 0 through 5 contain mostly 
s topping p a r t i c l e s  where t h e  page numbers de f ine  the  range i n t e r v a l  of t h e  
p a r t i c l e s .  Pages 6 and 12 contain mostly pene t ra t ing  o r  so-called lPthrough" 
p a r t i c l e s .  Pages 7 through 11 and 13 through 19 contain var ious  ca tagor ies  
of i n t e r a c t i n g  p a r t i c l e s .  To qua l i fy  f o r  pages 0 through 5 an add i t iona l  
requirement is  t h a t  no edge tube (Tube # 1  o r  119) be f i r e d  i n  e i t h e r  LASTRA 
o r  t h e  t r a y  preceding it. This requirement r e j e c t s  events  which appear t o  
b e  s topping p a r t i c l e s  bu t  a r e  a c t u a l l y  f a s t e r  p a r t i c l e s  being s c a t t e r e d  ou t  
t h e  s i d e  of t h e  de tec to r  ( see  Appendix H) .  Upward moving products of i n t e r -  
ac t ions  generated by p a r t i c l e s  inc iden t  through t h e  s i d e s  of t h e  de tec to r  may 
a l s o  be  a source of these  events .  
The present  ana lys i s  concentrates  on pages 0 through 5 which determine 
t h e  energy s p e c t r a  of  protons and helium stopping i n  t h e  de tec to r .  Pages 6 
and 1 2  determine t h e  "through" proton and helium f luxes ,  For each of these  
pages the  negat ive  diagonal  d i s t r i b u t i o n  is  constructed and compared with t h e  
predic ted  peak shapes discussed e a r l i e r .  The 
negative diagonal is then divided i n t o  and summed over th ree  pulse  height  
intervals-background, protons,  and helium nuclei-named f o r  t h e  major 
component i n  each i n t e r v a l .  Assuming t h a t  the  peak shapes f o r  each of 
these  components is  completely known, one can determine f a i r l y  eas i ly  
the  contributions of each of the  components, This i s  t h e  process re- 
f e r red  t o  as  q'mixigg" i n  Appendix E. J u s t  p r i o r  t o  the  mixing correc t ion,  
the  raw numbers i n  each of t h e  th ree  i n t e r v a l s  a r e  corrected f o r  "leakage" 
from one value of LASTRA t o  t h e  t r a y  above due t o  Geiger tube i n e f f i c i e n c i e s  
and an occasional  dead Geiger tube. Geiger tube ef f fc iency i s  discussed 
i n  Appendix B. 
The mix-corrected numbers a r e  next  corrected f o r  the  various mechan- 
i s m s  which remove p a r t i c l e s  from t h e  matrix t h a t  they should l i e  i n .  The 
major correc t ion he re  is  t h e  nuclear  i n t e r a c t i o n  correc t ion which is  dis-  
cussed i n  considerable d e t a i l  i n  Appendix F, Other correc t ions  include 
those f o r  1 )  "real" and "geometric"6-rays , 2) allowed t r a j e c t o r i e s  which 
f i r e  edge tubes, 3) events i n  which two t r a y s  a r e  missed due t o  Geiger 
tube ine f f i c iency ,  and 4) an atmospheric absorption correc t ion f o r  t h e  
2 helium nucle i .  The absorption mean f r e e  path f o r  helium (54 grns./cm ) 
determined by Omes (1967) was v e r i f i e d  using ascent  helium data ,  The 
proton atmospheric correc t ion was not applied a t  t h i s  point  because i t  
is  not a simple absorption process. 
A t  t h i s  point  ca lcu la t ion  of proton and helium fluxes is  a simple 
matter  of dividing the  corrected numbers of p a r t i c l e s  by the  de tec to r  
exposure. D i f f e r e n t i a l  f luxes a t  the  top of the  aEmosphere a r e  then 
obtained by subtrac t ing the  atmospheric secondary protons, applying an 
absorption correc t ion ( h proton = 150 gas. /erne2 Chen et.  al. 1955 ) t o  
the  remaining protons , and dividing by the  energy i n t e r v a l s  appropriate 
t o  p a r t i c l e s  a t  t h e  top of the atmosphere. The r e s u l t s  s o  obtained a r e  
presented i n  Tables V - VII and p lo t t ed  i n  Figures 12 - 20. 
The e r r o r s  t h a t  a r e  quoted with t h e  r e s u l t s  a r e  a quadra t ic  combin- 
a t i o n  of p a r t i c l e  s t a t i s t i c s  and t h e  3% e r r o r  i n  the  determination of the  
geometric f ac to r .  I n  determining t h e  s t a t i s t i c a l  e r r o r s  considerable 
care  was exercised i n  including t h e  e f f e c t  of t h e  mixing correc t ion where- 
i n  s m a l l  numbers of p a r t i c l e s  may r e s u l t  from the  d i f ference  of two l a rge  
numbers. The 3% e r r o r  i n  t h e  geometric f a c t o r  r e s u l t s  from the  i n a b i l i t y  
t o  exact ly  reproduce the  s t r u c t u r e  of the d i r e c t i o n a l  f i l t e r  telescope 
from one f l i g h t  t o  the  next.  The t r a y  separa t ion was measurable wi th in  
+ 0.5 mm (0.6%). The v a r i a t i o n  i n  tube diameter due t o  va r ia t ions  i n  
- 
roundness was estimated a t  - + 0.06 mm ( 0.4% ) ,  Since the  geometric f a c t o r  
v a r i e s  as  the  square of t h e  t r ay  separa t ion and as the  four th  power of the  
tube width, the  combination of t h e  two uncer ta in t i e s  amounts t o  t h e  
previously quoted 3%. 
The exposure is  defined a s  t h e  product of the  geometric f a c t o r  and 
the  t o t a l  s e n s i t i v e  t i m e .  Since t h e  d i r e c t i o n a l  f i l t e r  cons i s t s  of 121 
separa te  four-fold coincidences, i t s  geometric f a c t o r  can be computed as  
the sum of t h e  geometric f a c t o r s  of 121 elementary square telescopes 
whose edge is  one tube diameter. The f a c t  t h a t  p a i r s  of t r ays  a r e  d is -  
placed r e l a t i v e  t o  each o the r  ( one tube diameter ) does not  a f f e c t  the  
geometric f a c t o r  because each p a i r  of t r ays  defines the  beam only i n  one 
dimension while t h e  other dimension is  completely f ree .  I t  i s  shown i n  
Appendix A t h a t  these 121 elementary telescopes can be grouped i n  such 
a manner t h a t  t h e  formulae f o r  computing geometric f ac to r s  of rectangular  
s o l i d s  given by Cr i t chf ie ld ,  Ney, and Oleksa (1952) can be applied,  Two 
add i t iona l  correc t ions  a l so  discussed i n  Appendix A a r e  applied to  the  
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geometric f a c t o r  t o  cor rec t  f o r  t r a y  i n e f f i c i e n c i e s  and an edge e f f e c t  i n  
the  telescopes defined by t r ays  2 and 4. The r e s u l t i n g  geometric f a c t o r  
is then independent of p a r t i c l e  species  o r  energy. A l l  p a r t i c l e  dependent 
correc t ions  a r e  applied t o  t h e  p a r t i c l e  types individual ly .  
A g r e a t  d e a l  of ca re  was exercised i n  computing t h e  t o t a l  s e n s i t i v e  
time s i n c e  d a t a  taken i n  t h e  ea r ly  years was se r ious ly  complicated by 
transmission noise.  This e f f e c t  p lus  o ther  causes of d a t a  being absent 
f o r  s h o r t  periods such a s  tape  drop-outs, antenna adjustments, e t c .  r e s u l t  
i n  the  computer missing events t h a t  d id  t r i g g e r  t h e  apparatus. An alter- 
nate  way of describing t h e  e f f e c t  is  t h a t  the re  w i l l  be an excess of 
events with l a r g e  wait ing times. The wait ing time is t h e  t i m e  between 
the  end of the  readout of t h e  previous event and the  beginning of t h e  read- 
out  of the  present  event. To ve r i fy  t h i s  e f f e c t  we p l o t  i n  Figure 10 a 
histogram of number of events vs. wait ing time f o r  data  taken during 
periods of noisy and clean transmission. A less conventional log-log 
p l o t  i s  used t o  demonstrate the  wide range of agreement with t h e  expected 
exponential form: 
N(t) = N , e  - t / r  (5 1)  
where T is  t h e  average wait ing time per  event. The clean d a t a  follows t h i s  
£ o m  over four  decades of time and in tens i ty .  I n  the  noisy d a t a  we note  a 
departure only f o r  times longer than one readout period. This r e f l e c t s  
t h e  f a c t  t h a t  when the  computer misses an event, t h e  e n t i r e  readout period 
( 432 mil l iseconds ) is  included i n  the  wait ing t i m e  of t h e  next event t h a t  
is  found. A s  i s  shown i n  Appendix D,these events with wait ing t i m e s  l e s s  
than one readout period can be used t o  determine t h e  t r u e  average wait ing 
t i m e  under t h e  assumption t h a t  t h e i r  d i s t r i b u t i o n  s t r i c t l y  matches an ex- 
ponential .  
Another e f f e c t  of transmission noise  on t h e  d a t a  i s  to  reduce con- 
f idence i n  t h e  correctness of an event when t h e  b i t  e r r o r  count (number 
of miscorrelat ions)  determined by comparisons of the  th ree  readouts i s  
l a rge .  Although a b i t  e r r o r  r a t e  of 3% would r e s u l t  i n  an average of one 
wrong b i t  per  event, w e  somewhat a r b i t r a r i l y  choose a b i t  e r r o r  count of 
th ree  o r  more a s  cause f o r  r e j e c t i o n  of an event. This maximum allowable 
count corresponds t o  one event i n  one hundred having one wrong b i t .  As  
long a s  t h i s  r e j e c t i o n  c r i t e r i o n  is  independent of t h e  nature  of t h e  event 
i t  is completely v a l i d  t o  ignore t h e  sample of events thrown ou t  i n  both 
t h e  matrix analys is  and i n  t h e  computation of s e n s i t i v e  t i m e s .  This assump- 
t i o n  was v e r i f i e d  by comparing sets of events having zero miscorrelat ions 
with those having one and two miscorrelat ions and noting t h a t  the  f r a c t i o n s  
of clean, stopping, and penet ra t ing  events d id  not  vary s i g n i f i c a n t l y .  
The t o t a l  s e n s i t i v e  t i m e  of t h e  f l i g h t  i s  then equal t o  the product of t h e  
number of so-called corre la ted  events and the  average "true" s e n s i t i v e  
t i m e  pe r  event. 
I n  addi t ion  t o  t h e  s p e c t r a l  determination using stopping p a r t i c l e s  
an attempt was made t o  resolve t h e  LASTRA 10 negative diagonal proton 
d i s t r i b u t i o n  i n t o  a minimally ioniz ing peak plus  a more heavily ioniz ing 
component. Figure 11 shows the  r e s u l t s  of subtrac t ing the  1968 LASTRA 10 
Minneapolis d i s t r i b u t i o n  from t h e  1968 Churchil l  d i s t r i b u t i o n .  Any d i f f e r -  
ence i n  t h e  peaks can be due only t o  p a r t i c l e s  below the  720 MeV proton 
cutoff  energy even i f  the re  i s  a s i g n i f i c a n t  contr ibution from re-entrant 
albedo. The di f ference  peak then should correspond t o  the  predicted dis-  
t r i b u t i o n  of 260 - 720 MeV p a r t i c l e s ,  The t h e o r e t i c a l  d i s t r i b u t i o n  f o r  
t h i s  energy i n t e r v a l  which is a l so  shown i n  Figure 11 appears t o  f i t  the  i 
data  q u i t e  s a t i s f a c t o r i a l y  except a t  low pulse heights  where the re  appears 
t o  be a small  contamination of minimally ioniz ing p a r t i c l e s .  The theoret-  
i c a l  peaks constructed f o r  a number of poss ib le  energy spec t ra  were found 
t o  d i f f e r  very l i t t l e  i n  shape. The p a r t i c u l a r  curve shown assumes a 
constant  d i s t r i b u t i o n  i n  energy. 
The analys is  of the  f l i g h t  d a t a  using t h i s  technique is s imi la r  t o  t h a t  
used f o r  o the r  values of LASTRA. The pulse height  d i s t r i b u t i o n  was divided 
i n t o  i n t e r v a l s  consis t ing  of th ree  major const i tuents :  f a s t  protons, slow 
protons, and helium nuclei .  The standard mixing techniques discussed i n  
Appendix E w e r e  then applied t o  cor rec t  f o r  p a r t i c l e s  s p i l l i n g  over i n t o  
adjacent  b ins .  Since the  mixing correc t ion is s o  c r i t i c a l l y  dependent 
on t h e  detec tor  resolut ion function f o r  t h i s  p a r t i c u l a r  measurement, the  
s i z e  of the  reso lu t ion  function was v e r i f i e d  f o r  each balloon f l i g h t  by using 
t h e  p o s i t i v e  diagonal d i s t r i b u t i o n s  a s  discussed i n  a preceeding sect ion.  
CHAPTER V I  
RESULTS 
The r e s u l t s  obtained are summarized i n  Tables 
V through V I I  and Figures 12 through 20. The regress ion p l o t  presented 
i n  Figure 12 demonstrates t h e  gross e f f e c t s  of s o l a r  modulation on t h e  
i n t e g r a l  f l u x  of a l l  cosmic rays above approximately 100 MeV/nucleon. 
The s o  ca l l ed  "clean flux" presented i n  t h a t  f i g u r e  is  the  f l u x  obtained by 
using a l l  clean d i r e c t i o n a l  f i l t e r  events with t h e  exception of LASTRA 4 
e lec t rons .  Minor correc t ions  w e r e  a l s o  made t o  correc t  f o r  atmospheric 
e f f e c t s  and geometric d i f ferences  from year t o  year. Also inclclded i n  
Figure 12 a r e  the  c lean f luxes  obtained with a s imi la r  de tec to r  (Neely 
1968) flown as a p a r t  of t h i s  same experimental s e r i e s ,  The reduction . 
i n  i n t e n s i t y  of more than a f a c t o r  of two over t h e  s o l a r  cycle  ind ica tes  
t h e  s t rong e f f e c t  t h a t  t h e  sun's presence has on cosmic rays  t h a t  are 
observed a t  ea r th .  
The d a t a  obtained from the  Minneapolis f l i g h t s  where t h e  geomagnetic 
cutoff i s  1.36 GV (720 MeV) (Shea e t  a l e  1965) show considerably less 
modulation and r e f l e c t  t h e  f a c t  t h a t  t h e  s o l a r  modulation has some type 
of energy dependence. 
The regress ion curves f o r  LASTRA 10 (E 11 260 MeV/nucleon) protons 
and helium presented i n  Figures 1 3  and 14 serve  t o  def ine  t h i s  dependence 
more s p e c i f i c a l l y .  It is  q u i t e  important t o  emphasize here  t h a t  t h e  
energy cutoff (ac tual ly  a range cu to f f )  f o r  these  f luxes  is  very w e l l  
defined and is  extremely i n s e n s i t i v e  t o  t h e  s p e c t r a l  d i s t r i b u t i o n  of par- 
t i c l e s .  The Churchill-Minneapolis d i f ference  i n  the  protons again r e f l e c t s  
the  energy dependence of t h e  modulation. Note, however, t h a t  the re  is  no 
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  helium f luxes  a t  Minneapolis.and Churchil l .  
This i s  n o t  su rp r i s ing , s ince  t h e  260 Me~/nucleon energy cutof f  corresponds 
t o  a 1490 MV r i g i d i t y  - c l e a r l y  above t h e  geomagnetic cutof f .  The impor- 
t a n t  comparison, however, i s  t h a t  between t h e  LASTRA 10 Minneapolis proton 
and t h e  LASTRA 10 helium regress ion  curves,which have e s s e n t i a l l y  t h e  same 
r i g i d i t y  cutof f .  I f  one ignores t h e  poss ib le  complicating e f f e c t s  of re- 
e n t r a n t  proton albedo, t h e  c lose  agreement i n  f r a c t i o n a l  modulation i n d i c a t e s  
t h a t  t h e  modulation is b a s i c a l l y  r i g i d i t y  dependent a t  these  energies .  
This is  f u r t h u r  ind ica ted  i n  Figure 15  where t h e  sepa ra t ion  of t h e  LASTRA 10 
protons based on i o n i z a t i o n  shows a f r a c t i o n a l  modulation of protons above 
720 MeV (1.36 GV) s i m i l a r  t o  t h a t  f o r  helium and Minneapolis protons.  Here, 
however, t he re  i s  an i m p l i c i t  though not  unreasonable assumption t h a t  t h e  
primary proton and helium s p e c t r a  have t h e  same shape above 1.36 GV. 
Comparison of t h e  regress ion  curves i n  Figure 15  f o r  260 t o  720 
and > 720 MeV protons again demonstrates t h e  w e l l  known property of 
s g l a r  m o d u l a t i ~ n  t h a t  cosmic rays experience, s t ronger  modulation a t  low 
energies than a t  high energies .  
Let us now cons ider  t h e  year ly  energy s p e c t r a  of protons and helium, 
which a r e  presented i n  Figures 16 and 17 , respect ive ly .  I n  t h e  helium 
s p e c t r a  one sees t h e  expected progress ive  s teepening t o  more p o s i t i v e  
s lopes  i n  add i t ion  t o  t h e  o v e r a l l  modulation f a c t o r  of 3.5 t o  4 a s  t h e  
cycle  proceeds . However, upon examination, t h e  pro ton s p e c t r a  e x h i b i t  a 
hea l thy  modulation f a c t o r  of 4 but  only a s l i g h t  s teepening, i f  any. 
A s  i s  o f t en  t h e  case,  r e s u l t s  from a l a r g e r  range of energies  than  
t h a t  obta inable  wi th  a s i n g l e  type of d e t e c t o r  must be  combined t o  v e r i f y  
r e s u l t s  and g e t  t h e  "big p i c t u r e  ." The recent  ana lys i s  by Hsieh (1970) 
of proton and helium s p e c t r a  obtained by t h e  Universi ty of Chicago IMP 
s a t e l l i t e  series f o r  1965 and 1967 has proved most valuable i n  t h i s  
connection,since t h e  periods covered correspond c losely  t o  t h e  t i m e s  a t  
Qhich t h e  present  r e s u l t s  w e r e  obtained. Figures 18 and 19 present  the  
proton and helium spectra,respectively,  f o r  1965 and 1967. The proton 
points  spanning 260 - 720 MeV have been p l o t t e d  a s  inc l ined  l i n e s  t o  
give t h e  spectrum cont inui ty  and an ind ica t ion  of t h e  probable s p e c t r a l  
shape. Along t h e  same l i n e s ,  the  i n t e g r a l  f l u x  above 720 MeV has been 
p lo t t ed  as  a d i f f e r e n t i a l  l ine ,us ing  t h e  1965 s p e c t r a l  shape ,given by 
Meyer (1969) above 720 MeV. Since the  present  analys is  is  unable t o  
4 dis t ingu i sh  between ~e~ and H e  , t h e  Chicago spec t ra  f o r  these  isotopes 
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were combined on t h e  b a s i s  t h a t  a l l  would be i d e n t i f i e d  a s  He . The 
curve representing t h e  1965 helium spectrum is a smooth curve f i t  t o  
Meyer's (1969) summary of t h e  1965 helium spectrum. I n  a l l  four cases 
the  spec t ra  appear t o  j o i n  smoothly, although i t  is somewhat unfortunate 
t h a t  the re  is  no overlapping region i n  which t o  compare i n t e n s i t i e s .  
The major point  of t h i s  comparison is  t h e  exis tence  f o r  both protons 
and helium of a wide energy range over which t h e  spectrum is a simple 
power law i n  energy t h a t  does not  apparently steepen a s  the  s o l a r  cycle 
proceeds. The e a r l i e r  observation of a steepening f o r  helium may a l t e r n a t i v e l y  
be i n t e r p r e t e d , i n  l i g h t  of t h e  r e s u l t s  over t h e  l a rge  energy in terva1,as  
the  movement of t h i s  s t r a i g h t  l i n e  region up i n t o  t h e  energy i n t e r v a l  
covered by t h e  present  detec tor .  I n  t h e  case of the  protons t h i s  s t r a i g h t  
l i n e  region always extends i n t o  t h e  hodoscope's energy i n t e r v a l .  
As  a f i n a l  example of the  da ta  t h a t  have been obtained with t h i s  
de tec to r , in  Figure 20 w e  show t h e  helium r i g i d i t y  spectrum obtained from 
a balloon f l i g h t  over Minneapolis i n  1965. That f i g u r e  a l s o  shows, 
the  shape of t h e  1965 helium spectrum seen a t  Churchill .  Since the  
Minneapolis r e s u l t s  a r e  not  p a r t i c u l a r l y  re levant  t o  the  present  d is -  
cussion, we wish only t o  point  out t h e  exis tence  of a sharp geomagnetic 
cutoff ,  which f u l l y  agrees with t h e  value of 1.36 GV obtained i n  t h e  
de ta i l ed  o r b i t  ca lcula t ions  of Shea, e t  a l ,  (1965). The second relevant  
point  i s  t o  demonstrate t h a t  s ince  the  spec t ra  are based on a range 
measurement no d i f f i c u l t y  is  encountered i n  defining spec t ra  which vary 
rapidly  with energy nor  i n  assigning t h e  cor rec t  energy t o  a p a r t i c u l a r  
p a r t i c l e .  
CHAPTER V I I  
DISCUSSION 
P r i o r  t o  more extensive analys is ,  a b r i e f  review of the  t h e o r e t i c a l  
descr ip t ion of s o l a r  modulation of cosmic rays seems appropriate.  Within 
a sphere of a few A.U. radius,  t h e  extended s o l a r  corona i s  i n  a constant 
s t a t e  of r a d i a l  expansion a t  a ve loc i ty  i n  the  range of 200 - 600 km/secc 
Since t h i s  so-called s o l a r  wind i s  a f u l l y  ionized plasma, i s  therefore  
a very good conductor,and has a k i n e t i c  energy density g r e a t e r  than t h a t  
of the  s o l a r  magnetic f i e l d ,  t h e  surface  f i e l d  i s  "frozen" i n  the  plasma 
and i s  convected outward with it.  This e f f e c t  combined with the  e f f e c t  
of t h e  sun's  r o t a t i o n  r e s u l t s  i n  an Archemedian s p i r a l  f i e l d  configurat ion 
wi th in  the  s o l a r  cavi ty .  A t  the  o r b i t  of Ear th  t h e  in terplanetary  
magnetic f i e l d  has been observed t o  have an average d i rec t ion  45' w e s t  of 
t h e  Earth-Sun l i n e  wi th  a magnitude of about 5y ( ly  = gauss) (Ness 
e t .  a l .  1965). The f luc tua t ions  i n  t h i s  magnetic f i e l d  have been measured 
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a t  < A B > ~  = 5y compared with the  t o t a l  f i e l d  <B . = 25 (Coleman 1966). Y 
It is general ly accepted t h a t  it  i s  t h i s  f luc tua t ing  component t h a t  
couples the  s o l a r  wind and t h e  cosmic rays. The p i c t u r e  of cosmic ray 
modulation,then,is one i n  which t h e  convection of cosmic rays out of the  
s o l a r  system i s  balanced by t h e i r  inward d i f fus ion  (Parker 1958). 
Eq. 7.1, below, which r e s u l t s  from Gleeson and Axford's (1967) treatment 
of modulation,serves t o  introduce two simple t h e o r e t i c a l  models. One 
is  t h e  usual  simple diffusion-convection model. The other  assumes t h a t  
convection is balanced mainly by the  decelera t ion produced by the  expan- 
s ion  of the  s o l a r  wind. 
a 
s ( r ,T)  = V(r) U(r,T) - K T  U r )  - - V(r) - a [a(T) T U(r,T)] (7.1) 3 aT 
S(r,T) is  t h e  cosmic ray  r a d i a l  current  densi ty  o r  "streaming" a t  a 
r a d i a l  d is tance  r measured from t h e  sun at  a k i n e t i c  energy T. U(r,T) 
is t h e  number densi ty.  V(r) is  t h e  s o l a r  wind ve loc i ty  and K(r,T) 
(assumed i s o t r o p i c  here) is the  d i f fus ion  coef f i c ien t  of cosmic rays 
through t h e  in te rp lane ta ry  medium. a(T) = (T + 2To) /(T + TO) where 
T i s  t h e  rest energy of the  p a r t i c l e .  a(T) ranges from a value of 2 
0 
f o r  non- re la t iv i s t i c  p a r t i c l e s  t o  1 f o r  extremely r e l a t i v i s t i c  p a r t i c l e s .  
The s impl i f ied  treatment of t h e  modulation problem r e s u l t s  from 
Eq. 7.1 . The f i r s t  two terms on the  r i g h t  hand s i d e  of t h a t  equation 
represent  t h e  streaming due t o  r a d i a l  convection and d i f fus ion  of cosmic 
rays , respect ively .  The t h i r d  term is t h e  s o  ca l l ed  ad iaba t i c  decelera t ion 
term,which represents  the  streaming i n  energy space due t o  energy losses  
caused by t h e  expansion of the  s o l a r  wind. The s impl i f ied  treatment 
ignores t h i s  term and thereby removes t h e  energy coupling of t h e  e f f e c t s ,  
Since t h i s  r e s u l t s  i n  no energy losses  by p a r t i c l e s , t h e  streaming S(r,T) 
must be  zero,assuming t h a t  the re  are no cosmic ray sources i n s i d e  t h e  
s o l a r  system. One can now equate t h e  d i f fus ion  and convection terms and 
obtain t h e  following so lu t ion  (Parker, 1963) . 
L is t h e  radius  of the  ou te r  boundary of the  modulating region. A 
f u r t h e r  s implifying assumption is  t h a t  the  d i f fus ion  coef f i c ien t  is 
separable i n t o  a r a d i a l  and an energy dependent term K ( ~ , T )  = k( r )  K (T)$ thus 
allowing one t o  w r i t e  t h e  so lu t ion  i n  the  following form. 
U(T,t) = Uo (TI =PI- n ( t )  /K(T) 1 (7.3) 
We have introduced long-term time dependence i n  t h e  modulation 
parameter ~ ( t ) .  This form has been used by a number of authors (Fan e t  
a l .  1965, Si lberberg  1966, Gloeckler and J o k i p i i  1966, Nagashima e t  a l .  
1966, Badhwar et  a l .  1967a, Balasubrahmanyan et a1. 1967 ,Hoffman 1967, 
Lockwood and Webber 1967, O r m e s  1967,Teegarden 1967, Webber 1967a,1967b9 
Ormes and Webber 1968, OvGallagher 1969, Hsieh 1970) t o  deduce the  
energy dependence of t h e  d i f fus ion  coef f i c ien t  by p l o t t i n g  r a t i o s  of 
f luxes  obtained a t  two d i f f e r e n t  t i m e s  i n  the  s o l a r  cycle,using Eq. 7.5. 
The v a l i d i t y  of t h i s  method i s  based on the  assumption t h a t  the  d i f fus ion 
coef f i c ien t  is  a separable function of energy, h e l i o c e n t r i c  radius,  and 
time,and t h a t  t h e  e f f e c t s  of ad iaba t i c  decelera t ion a r e  ignored, 
The energy dependence of the  d i f fus ion  coef f i c ien t  has been r e l a t e d  
t o  t h e  power spectrum of t h e  f luc tua t ions  i n  t h e  in te rp lane ta ry  magnetic 
f i e l d  by J o k i p i i  (1966,1967) who pred ic t s  k l l  a  where a is the spec- 
t r a l  index of the  magnetic power spectrum, B is  V/ c 
and R is  p a r t i c l e  r i g i d i t y ,  Early app l i ca t ion  of t h i s  method 
by Gloeckler and J o k i p i i  (1966) predic ted  a d i f fus ion  coef f i c ien t  of the  
form ~ a R ( 3 ,  which they v e r i f i e d  using satell i te observations of protons 
and helium from 10 t o  100 ~eV/nucleon,  t h e  IMP Geiger tube monitor,and 
the  Climax neutron monitor. Baahwar et a l .  (1967a)$ Webber (1967a, 1967b), 
and Lockwood and Webber (1967) a l s o  observe t h a t  such a form is consis tent  
with t h e i r  determinations of K (T) , 
I n  a more recent  ana lys i s  involving magnetic power spec t ra  measured 
a t  1 A.U. and 1.5 A.U., however, J o k i p i i  and Coleman (1968) p red ic t  a 
di f fus ion  c o e f f i c i e n t  a t  1 A.U. p a r a l l e l  t o  t h e  l o c a l  magnetic f i e l d  
2 
K ,,= 5 x lo2' R1'2 B cm /sec.,where R is measured i n  GV. The value of rI ,  
is found t o  be  s l i g h t l y  smaller  a t  1 ,5  A.U. and appears t o  r e t a i n  the  
R1l2 $ dependence. 
I n  a more recent  analys is  of t h e i r  proton and helium data ,  Ormes 
(1967) and Ormes and Webber (1968) obta in  a d i f fus ion  coef f i c ien t  
K ~ R  0 e 6  - 0'55 $,which appears t o  f l a t t e n  t o  a simple r B dependence 
i n  the  neighborhood of 0.6 GV. This mysterious tendency t o  f l a t t e n  t o  
a simple $ dependence had been observed e a r l i e r  by Webber (1967b) i n  
a review of r e s u l t s  extending t o  lower r i g i d i t i e s ,  
A t  t h i s  point  l e t  us consider the  analys is  of K(R,$) a s  determined 
by Hsieh (1970),using the  IMP r e s u l t s  discussed e a r l i e r .  H e  p l o t s  
$[Rn(p /p ) ]  vs. r i g i d i t y .  This amounts t o  p l o t t i n g  ~ / K ( T )  i n  the  1 2  
s impl i f ied  ana lys i s  and assuming t h e  B dependence given by J o k i p i i ' s  
model. Figure 21 is a duplicat ion of h i s  Figure 8 t o  which has been 
added the  s i m i l a r  determination of K obtained i n  the  present  analys is .  
The d a t a  presented f o r  t h i s  de tec to r  was obtained by drawing regression 
curves a s  semi-log p l o t s  f o r  the  e n t i r e  da ta  set and taking t h e  b e s t  f i t  
l i n e  t o  each curve. The modulation r a t i o s  appropriate t o  t h e  neutron 
monitor v a r i a t i o n  corresponding t o  HsiehPs  analys is  w e r e  then p lo t t ed  
i n  Figure 21, 
As is evident  from Hsieh's d a t a  alone, the apparent d i f fus ion  co- 
e f f i c i e n t  has an inverse  dependence on r i g i d i t y  and has a d i f f e r e n t  
value f o r  protons and helium a t  t h e  same r i g i d i t y .  Both observations 
s t rongly  contradic t  the  predic t ions  of diffusion-convection theory. 
Xn f a c t , t h e  l i n e  through the  proton data  represents  t h e  form one 
expects when K has n e i t h e r  an R nor 6 dependence. A t  higher r i g i d i t i e s  
the  d a t a  obtained with t h i s  de tec tor  shows a t r a n s i t i o n  t o  a form more 
consis tent  wi th  r a 6 and which is  apparently t h e  same f o r  protons 
and helium. 
Hsieh attempted t o  explain h i s  observations a s  a temporal change 
i n  t h e  r i g i d i t y  dependence of  in which case the  simple analys is  based 
on t h e  r a t i o s  of f luxes  becomes inval id .  However, t h e  extension of h i s  
da ta  provided by t h e  present  analys is  confirms t h e  f a c t  t h a t  the  protons 
and helium of the  same r i g i d i t y  undergo d i f f e r e n t  f r a c t i o n a l  modulations. 
This e f f e c t  is  i n  no way explainable by a change i n  r i g i d i t y  dependence. 
It is Hsieh's a l t e r n a t i v e  explanation ( i .e . ,  evidence of ad iaba t i c  
decelera t ion)  t h a t  seems more p laus ib le  i n  t h e  l i g h t  of the  present  analy- 
sis. I n  our discussion of "simplified" diffusion-convection as  presented 
i n  Eq. 7.2 , we assumed t h a t  ad iaba t i c  decelera t ion was a neg l ig ib le  
fac to r .  This is probably q u i t e  a s a f e  assumption a s  long a s  the  s lope  
of t h e  energy spectrum remains a small p o s i t i v e  (<<I)  o r  a negative 
quant i ty .  However, i f  one ca lcu la tes  the  s i z e s  of the  terms i n  Eq. 7 , l  
f o r  a 100 MeV proton i n  1965 a t  the  o r b i t  of Earth,using a s o l a r  wind 
speed of 400 km/sec, a r a d i a l  cosmic ray  densi ty  gradient  of 60% per  A.U. 
(OsGallagher 1967)$and J o k i p i i  and Coleman's (1968) d i f fus ion  coef ic ient ,  
one f inds  t h e  following values: 
w = 4 x loe6 part./cm2 sec  MeV 
au -6 
-r - = -5 x 10 part./Cm2 sec  MeV 3 r 
a 
3 3T (uTU) = -4 x p a r t .  /cm2 s e c  MeV 
The ad iaba t i c  decelera t ion term is of the  same magnitude as  both the  
d i f fus ion  and convection terms. W e  have neglected the  possibly important 
f a c t  t h a t  the  d i f fus ion  most probably is  not  r a d i a l  bu t  r a t h e r  along 
the  "garden hose" ' f i e l d  (Parker 1965, Axf ord 1965) . Nevertheless t h e  
streaming is inward a t  low energies a s  long as a p o s i t i v e  gradient  e x i s t s  
and t h e  s lope  of t h e  energy spectrum remains 21. 
The magnitude of t h i s  streaming would r e s u l t  i n  an anisotropy of 1,5%, 
which is much l a r g e r  than t h e  l a r g e s t  anisotropy observed by Rao e t . a l .  
(1967). Those authors observed an anisotropy of 0.34 + - .30% f o r  45 - 
90 MeV p a r t i c l e s .  This c o n f l i c t  of l a r g e  gradient  and low streaming has 
been discussed i n  more d e t a i l  by J o k i p i i  and Parker (1968) and Forman 
(1968). Furthur complications t o  t h e  gradient  p i c t u r e  a r e  t h e  observa- 
t ions  of Anderson (1968) and Krimigis (1968)$which ind ica te  ra the r  s m a l l  
g radients .  
The whole point  of the  two previous paragraphs was t o  j u s t i f y  i n  
some sense t h e  approximations t h a t  a r e  about t o  be made. Let us again 
consider Eq. 7.1,which descr ibes  t h e  streaming of cosmic rays,and assume 
1.) t h a t  the  streaming is  zero and 2 . )  t h a t  the  gradient  term i s  a l so  
small.  One is  then l e f t  with the  following equation,which equates 
d i f fus ion with ad iaba t i c  decelera t ion.  
We note  t h a t  t h e  s o l a r  wind ve loc i ty  cancels and t h a t  the  exact  so lu t ion  
including t h e  energy dependence of a is the  following 
Where: t = T / T ~  = y - 1. Since we a r e  i n t e r e s t e d  i n  p a r t i c l e  f luxes  
The r e s u l t , t h e n , i s  t h a t  t h e  s lope  of t h e  cosmic ray spectrum is  very 
nearly +1 f o r  energies below 1 BeV. 
Consider again the  proton and helium spec t ra  presented e a r l i e r  
( ~ i g u r e s  16 through 1 9 ) .  We note  t h a t  the  s p e c t r a l  s lopes f o r  protons 
i n  1965 and 1967 a r e  1.09 and 1.14 respect ively  from 30 MeV t o  250 MeV 
and t h a t  the  proton spec t ra  fo r  t h e  years f o r  which law energy d a t a  i s  not  
ye t  ava i l ab le  a r e  c e r t a i n l y  consis tent  with a s lope  of 1. The slopes 
of t h e  helium s p e c t r a  i n  1965 and 1967,on t h e  o ther  hand,are about 0.75. 
We note,however,that the  1969 helium spectrum has a s lope  of 1,possibly 
ind ica t ing  a trend t o  t h a t  s lope a s  the  s o l a r  cycle progresses. 
The i n t e r p r e t a t i o n  is  t h a t  once the  spectrum bends over a t  low 
energies one no longer needs d i f fus ion  and a l a r g e  gradient  t o  balance 
the  convection. This same e f f e c t  a l s o  keeps t h e  spectrum from becoming 
much s teeper  than E ' * ~ .  The cosmic ray spectrum i n  t h i s  model has a s o r t  
of "angle of repose." The obvious quest ion now is  "If  the re  is  no d i f -  
fusion,  how do t h e  low energy cosmic rays ever en te r  the  s o l a r  system?" 
The answer i n  p a r t  is  t h a t  the  low energy cosmic rays seen a t  the  o r b i t  
of Earth entered t h e  s o l a r  system through the  normal d i f fus ion  process a t  
h ighe r  ene rg i e s  260 MeV,where we have seen  t h a t  normal d i f f u s i o n  con- 
vec t ion  theory  is w e l l  supported by observa t ions .  They a r e  then  deceler- 
a t e d  t o  lower ene rg i e s  by t h e  expansion of t h e  s o l a r  wind. The h igh  energy 
p a r t i c l e s  should have no problem supplying t h i s  d r a i n , s i n c e  85% of t h e  
cosmic r ays  observed a t  s o l a r  minimum have ene rg i e s  above 260 MeV. 
I f  we aga in  cons ider  Figure 21 and a t tempt  t o  exp la in  t h e  low energy 
e f f e c t s  i n  terms of t h e  p re sen t  p i c t u r e ,  we a r e  reminded of two important  
p r o p e r t i e s  of modulation t h a t  i t  revealed:  1.) Hsieh 's  observa t ions  
t h a t  t h e  f r a c t i o n a l  modulation f o r  low energy pro tons  and helium appear 
t o  be  t h e  same at  t h e  same energy pe r  nucleon r a t h e r  than  a t  t h e  same 
r i g i d i t y ;  2.)  t h e  f r a c t i o n a l  modulations below 250 MeV/nucleon a r e  
independent of energy f o r  a given p a r t i c l e  spec i e s .  Using t h e  "angle 
of reposeu concept,one expec ts  t h e  modulation of a given p a r t i c l e  spec i e s  
a t  low ene rg ie s  t o  be  independent of energy and t h e  f r a c t i o n a l  modulation 
of  t h a t  spec i e s  t o  equal  t h e  f r a c t i o n a l  modulation t h a t  is e f f e c t i v e  a t  
t h e  energy a t  which t h e  s l o p e  of t h e  spectrum becomes p o s i t i v e .  
S ince  t h e  pro ton  and helium s p e c t r a  appear t o  have t h e  same gene ra l  
shape on a energy-per-nucleon b a s i s  (Webber 19673,the t u r n  over  of t h e  
helium spectrum should occur  a t  twice  t h e  r i g i d i t y  of  t h e  t u r n  over i n  
t h e  pro ton  spectrum. I f  w e  de f ine  t h e  t u r n  over  r i g i d i t y  i n  Figure 21  
as t h e  p o i n t  a t  which t h e  ~ " ~ 8  l i n e  i n t e r s e c t s  t h e  f i t  t o  t h e  low energy 
d a t a ,  w e  o b t a i n  pro ton  and helium t u r n  over  r i g i d i t i e s  of 0.82 and 
1.55 GV, r e s p e c t i v e l y .  Now we examine t h e  e f f e c t  of comparing f r a c t i o n a l  
modulations a t  t h e  same energy p e r  nucleon by s l i d i n g  a l l  helium p o i n t s  
t o  t h e  l e f t  by a f a c t o r  of  2 and observe t h e  agreement noted by Hsieh. 
This agreement i s  somewhat fo r tu i tous  i n  t h i s  i n t e ~ p r e t a t i o n ~ i n  t h e  
sense t h a t  i f  t h e  helium d a t a  had t h e  same form a s  t h e  protons, the  
helium points  would s t i l l  l i e  somewhat below t h e  corresponding proton 
points ,  but  the  agreement would c e r t a i n l y  improve over the  r i g i d i t y  
comparison. 
I n  the  "explanation" above w e  have used t h e  observed s i m i l a r i t y  
of t h e  proton and helium spec t ra  compared on an energy/nucleon bas i s .  
Since models based on rigidity-dependent modulations operat ing on 
power laws i n  k i n e t i c  energy o r  r i g i d i t y  p red ic t  e f f e c t s  a t  the  same 
r i g i d i t y ,  one might specula te  t h a t  the  i n t e r s t e l l a r  spectrum exh ib i t s  
a t u r n  over,or  a t  l e a s t  a f l a t t e n i n g , a t  some c h a r a c t e r i s t i c  energy. 
A power law i n  t o t a l  energy i s  a prime example. 
Since t h e  spLctra l  shape predicted by t h i s  model is  independent 
of t h e  l e v e l  of modulation, one would expect t h a t  the  low energy r a d i a l  
gradient  would be  equal t o  t h e  presumably smaller  gradient  a t  the  turn- 
over energy. The model is thus somewhat se l f -cons i s t en t s in  t h a t  w e  
assumed t h a t  we could ignore the  gradient  term i n  Eq.  7.1. Howevero 
the  r a d i a l  gradient  observed by O'Gallagher (1967) even a t  higher 
energies i s  such t h a t  the  d i f fus ion  cannot be ignored i n  t h a t  equation 
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as  long as  t h e  d i f fus ion  c o e f f i c i e n t  remains of the  order 2 x 10 cm /sec. 
Due t o  i t s  complexity, the  general  so lu t ion  t o  the  modulation problem 
including ad iaba t i c  decelera t ion has  not  ye t  been obtained. J o k i p i i  (1967) 
and Fisk  and Axford (1969)however, have solved the  problem by assuming a 
a b  d i f fus ion  c o e f f i c i e n t  of t h e  form K = K T r . a 2 0.5 t o  1, according 
t o  most accepted forms of K.  ~ o k i p i i ' s  so lu t ion  f o r  b < 1 r e s u l t s  i n  a 
complicated i n t e g r a l  equation involving t h e  confluent hypergeometric 
func t ion  and an  a r b i t r a r y  a d j u s t a b l e  func t ion  f o r  which no s o l u t i o n s  
have y e t  been publ ished.  He does obtain,however,an approximate s o l u t i o n  
f o r  comparison of l o w  energy f luxes  measured a t  two d i f f e r e n t  t imes 
assuming b % 0.6 - 1 .0  and r V / K  l a r g e .  This  s o l u t i o n  p r e d i c t s  t h a t  
t he  f r a c t i o n a l  modulation w i l l  r e t a i n  t h e  T~ energy dependence of  t h e  
d i f f u s i o n  c o e f f i c i e n t .  The q u a r r e l  w i th  t h i s  s o l u t i o n  would b e  t h e  
assumption of l a r g e  r V / ~ , w h i c h  J o k i p i i  himself  e s t ima te s  t o  b e  of 
o rde r  1. 
F i s k  and Axford (1969) have publ ished sample spec t r a ,bu t  t h e i r  
s o l u t i o n  a p p l i e s  t o  a  power law i n  k i n e t i c  energy and b > 1. The 
s o l u t i o n s  obta ined  w i t h  t h i s  s t rong  r a d i a l  dependence produce very 
s t e e p  l o r e n e r g y  s p e c t r a  and l a r g e  r a d i a l  g rad ien t s .  The inplementat ion 
of such a s t rong  r a d i a l  dependence i n  K c o n f l i c t s  w i th  J o k i p i i  and 
 olem man's (1968) observa t ions  of magnetic power s p e c t r a  a t  t h e  o r b i t s  
of Ea r th  and Mars (1.0 and 1 . 5  A . U . ) %  which i n d i c a t e  a n e g l i g i b l e  change 
i n  d i f f u s i o n  c o e f f i c i e n t  w i th  r ad ius .  I t ' s  q u i t e  apparent  t h a t  f u r t h e r  
t h e o r e t i c a l  work i s  r equ i r ed  i n  t h i s  a r e a .  
Before concluding t h i s  d i s c u s s i o n , i t  i s  of some i n t e r e s t  t o  apply 
t h e  concepts  presented  he re  t o  a  somewhat un re l a t ed  cosmic r ay  problem - 
t h a t  of t h e  abundance of low energy heavy cosmic ray  n u c l e i .  The s p e c t r a  
of 20 - 200 MeV/nucleon n u c l e i  ranging from Z = 2 t o  Z % 26 observed by 
Comstock et a l e  (1966, 1969) show a remarkable b u t  puzzl ing s i m i l a r i t y  
i n  shape. One expec ts  t h a t  t h e  s p e c t r a  of t h e  h ighe r  Z n u c l e i  would b e  
deple ted  a t  low ene rg ie s  due t o  t h e i r  expected i o n i z a t i o n  l o s s e s  i n  
L pass ing  through t h e  s tandard  3 gm/cm s l a b  of i n t e r s t e l l a r  ma t t e r .  The 
observed s i m i l a r i t y  forced  Comstock (1969) t o  propose t h e  fol lowing two 
a l t e r n a t i v e s :  1 . )  a two-component model, one component of h i c h  had no t  
passed through any s i g n i f i c a n t  amount of m a t t e r ,  2 . )  an e f f i c i e n t  
a c c e l e r a t i n g  mechanism f o r  low energy p a r t i c l e s  i n  i n t e r s t e l l a r  space.  
Our previous  d i scuss ion  would add a t h i r d  a l t e r n a t i v e  explana t ion  - 
t h a t  of an e f f i c i e n t  d e c e l e r a t i n g  mechanism i n  i n t e r p l a n e t a r y  space. 
The model presented  h e r e  would at tempt  t o  exp la in  t h e  observed s p e c t r a  
as p r imar i ly  a proper ty  of t h e  i n t e r p l a n e t a r y  propagat ion.  The p a r t i c l e s  
seen  a t  Ear th  a c t u a l l y  come from s i g n i f i c a n t l y  h igher  ene rg i e s  where 
i o n i z a t i o n  l o s s e s  would be considerably l e s s .  The sought a f t e r  i o n i z a t i o n  
e f f e c t s  could a c t u a l l y  e x i s t  i n  i n t e r s t e l l a r  s p e ~ t r a ~ p r o d u c i n g  s t e e p l y  
f a l l i n g s p e c t r a  a t  low energ ies .  But t h e  f a c t  t h a t  t h e  a d i a b a t i c  deceler-  
a t i o n  term i n  Eq. 7 .1 v a r i e s  s t r o n g l y  wi th  s p e c t r a l  s l o p e  quick ly  
fo rces  t h e  spectrum toward t h e  more g e n t l e  J3l-O form. I n  a c t u a l i t y  t h e  
C. N. 0 s p e c t r a  presented  by t h e  au tho r s  a r e  b e s t  f i t  by a  power law 
a E ~ ' ~ ~  c e r t a i n l y  n o t  a s  s t e e p  as t h e  pro tons  o r  helium. However, we 
noted t h a t  t h e  e f f e c t s  of a d i a b a t i c  d e c e l e r a t i o n  a s  shown i n  Figure 2 1  f o r  
helium (which has t h e  same Z/A) w e r e  s i g n i f i c a n t  long be fo re  t h e  spectrum 
had reached t h e  f u l l  s l o p e  E ~ " .  Ce r t a in ly  it  s u f f i c e s  t o  s ay  t h a t  
a d i a b a t i c  d e c e l e r a t i o n  is  a complicating f a c t o r  i n  t h e  a n a l y s i s  of 
t h e s e  s p e c t r a .  
CHAPTER V I I I  
CONCLUDING REMARKS 
I n  conclusion w e  n o t e  t h a t  i n  o r d e r  t o  exp la in  t h e  low energy pro- 
ton and helium r e s u l t s  s a t i s f a c t o r i l y  , w e  came up w i t h  a r a t h e r  pessim- 
i s t i c  p i c t u r e  of t h e  o r i g i n  of t h e  low energy cosmic rays  seen a t  Earth.  
They were merely dece l e ra t ed  high energy cosmic rays .  The s p e c t r a  con- 
t a i n  only one element of information - t h a t  a d i a b a t i c  dece l e ra t ion  i s  t h e  
dominant f a c t o r .  One must always b e  very caut ious  of p e s s i m i s t i c  conclu- 
s i o n s , e s p e c i a l l y  when t h e i r  development is  based on s e l e c t i o n  of elements 
of a c o n f l i c t i n g  d a t a  set. Obviously one s o l u t i o n  is t o  t e s t  t h e  hypothesis  
by remeasuring and t r y i n g  t o  r econc i l e  t h e  r a d i a l  g rad ien t s  and aniso- 
t r o p i e s .  Other t e s t s  involve  f u r t h e r  s a t e l l i t e  measurements of t h e  pro ton  
and helium s p e c t r a  i n  1968 and 1969 t o  confirm t h e  p e r s i s t e n c e  of t h e  
i n v a r i e n t  s p e c t r a l  shape throughout t h e  s o l a r  cyc le .  Y e t  another  confirma- 
t i o n  would l i e  i n  t h e  observa t ion  of radio-isotope r a t i o s  of h igh  and low 
energy p a r t i c l e s .  For cosmic ray ages i n  t h e  app ropr i a t e  in te rva1 ,one  
expects  t h e  high-energy i so topes  t o  p r e v a i l  due t o  t h e  e f f e c t  of time 
d i l a t i o n .  Adiaba t ic  dece l e ra t ion  would p r e d i c t  energy independence. 
However, t he  u sua l  l e s s o n  i n  t h i s  case  is t h a t  energy dependence of pro- 
duc t ion  mechanisms predominates. I n  t h e  absence of f u r t h e r  measurements 
t h e r e  i s  c e r t a i n l y  room f o r  more ex tens ive  numerical c a l c u l a t i o n s  which 
inc lude  t h e  e f f e c t s  of long term t i m e  v a r i a t i o n s  and the  dep le t ion  of 
t h e  reg ion  around t h e  s p e c t r a l  maximum. 
Lacking any of t h e s e  more conclusive t e s t s ,we  a r e  obl iged a t  t h i s  
p o i n t  t o  s t r e s s  t h e  importance of a d i a b a t i c  d e c e l e r a t i o n  i n  low energy 
cosmic ray propagat ion and urge  t h a t  i n t e r p r e t a t i o n s  of low energy 
r e s u l t s  a t  l e a s t  cons ider  t h e  e f f e c t s  of l o c a l  propagat ion phenomena. 
APRENDIX A 
GEOMETRIC FACTOR 
For purposes of  c a l c u l a t i n g  t h e  geometric f a c t o r ,  t h e  121  four-fold 
coincidences i n  t h e  d i r e c t i o n a l  f i l t e r  can b e  considered a s  121  elementary 
t e l e scopes  c o n s i s t i n g  of squares  whose edge is  one tube  diameter and whose 
s e p a r a t i o n  i s  t h e  c e n t e r t o - c e n t e r  spacing of t h e  d i r e c t i o n a l  f i l t e r  t r a y s .  
The s t anda rd  c o r r e c t i o n  f o r  t h e  f a c t  t h a t  t h e  tubes were c y l i n d r i c a l  
(Greisen 1942) was n o t  appl ied,because it would amount t o  counting over- 
l ap ing  a r e a s  twice  ( a  h igh ly  i n c l i n e d  p a r t i c l e  may a c t u a l l y  pas s  through 
two real t e l e scopes  b u t  w i l l  pass  through only one of t h e  elementary 
te lescopes) .  It would be  v a l i d  t o  apply t h i s  c o r r e c t i o n  t o  t h e  20% of 
t h e  t e l e scopes  t h a t  were edge te lescopessbut  i t  w a s  deemed too  sma l l  t o  
worry about.  
The 121 elementary te lescopes  c o n s i s t  of 36 t e lescopes  whose cen te r s  
a r e  o f f s e t  one tube  diameter  i n  bo th  d i r e c t i o n s  (double d iagonals ) ,  60 
t e l e scopes  w i t h  an o f f s e t  i n  only one d i r e c t i o n  ( s i n g l e  diagonals) ,and 25 
t e l e scopes  wi th  no o f f s e t  ( v e r t i c a l s ) .  I f  w e  t h i n k  of t h e  t e l e scopes  a s  
a t h r e e  component v e c t o r  El whose b a s i s  vec to r s  a r e  t h e  t h r e e  types of 
elementary te lescopes ,  w e  can imagine def in ing  a s e t  of new b a s i s  vec to r s  
whose geometr ic  f a c t o r  can b e  ca l cu la t ed  using t h e  formulae of C r i t c h f i e l d ,  
Ney and Oleksa (1952). The requirement of t h e  new b a s i s  is  t h a t  a l l  t e l e -  
scopes d e s c r i b e  r ec t angu la r  s o l i d s .  A b a s i s  t h a t  s a t i f i e s  t h i s  requirement 
c o n s i s t s  o f :  
A = The old  v e r t i c a l  telescope 1 x 1 tube: 
(21 
B = A v e r t i c a l  telescope 1 x 2 tubes: bJ 
C = A v e r t i c a l  telescope 2 x 2 tubes: 
The de tec to r ' s  telescope vector  is: [ = ] = A - 6; + 9C .  It is 
now a simple mat ter  of combining t h e  geometric f a c t o r s  t o  f ind:  
w and h a r e  t h e  width and height  of t h e  te lescope, respect ively ,  and n is  
the  exponent p lus  one of the  cosine i n  t h e  zeni th  angle d i s t r i b u t i o n  of the  
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cosmic ray i n t e n s i t y .  (n = 1 f o r  i o s t r o p i c  f luxes  and 3 f o r  a cos 8 dis-  
t r i b u t i o n  such a s  s e a  l e v e l  mesons.) 
The geometric f a c t o r  used i n  ca lcula t ing p a r t i c l e  f luxes  a l s o  includes 
correc t ions  f o r  Geiger tube e f f i c iency  and the  f a c t  tha t  edge telescopes 
i n  t r a y s  2 and 4 look beyond the  ends of the  tubes i n  t r a y  1. The e f f i -  
ciency correc t ion assumes t h a t  the  t r a y  e f f i c iency  f o r  t r ays  1 - 4 i s  the 
same a s  the  measured e f f i c iency  f o r  t rays  5 - 9,excluding any dead tubes. 
(See Appendix B f o r  a discussion of Geiger tube eff iciency.)  For a t r a y  
4 ineff ic iency E t h e  geometric f a c t o r  is then reduced by an amount ( 1  - E) . 
The edge telescope correc t ion makes use of one of the  housekeeping 
t ab les  provided by program ULTIMATE. It is  a t a l l y  of t h e  number of clean 
events t h a t  f i r e  each d i r e c t i o n a l  f i l t e r  telescope. The numbers i n  the  
edge telescopes of t r a y s  2 and 4 f a l l  about a f a c t o r  of 2 below t h e  
average f o r  the  non-edge telescopes.  An average " f i l l i n g "  f a c t o r  can 
be defined as: 
average r a t e  of a l l  telescopes ( 1  - 11) - L f =  i-1 
average r a t e  of f i l l e d  telescopes (2 - 10) - 10 (A. 2) 
11 C n. 
i-2 i 
where n a r e  t h e  number of clean events i n  each telescope. This equation i 
ignores t h e  s l i g h t  d i f ference  between geometric f ac to r s  f o r  inc l ined and 
v e r t i c a l  telescopes.  The f i n a l  geometric f a c t o r  i s  then computed by 
mult iplying Gn i n  Eq. A . l  by ( 1  - 014 x f .  
APPENDIX B 
GEIGER TUBE INEFFICIENCY AND THE "LEAKAGE" CORRECTION 
The f a c t  t h a t  t h e  t r a y s  of Geiger tubes a r e  not  100% e f f i c i e n t  in t ro -  
duces s i g n i f i c a n t  correc t ions  i n t o  the  geometric f a c t o r  and i n t o  the  number 
of events t h a t  f a l l  i n t o  a ce r t a in  value of LASTRA. By defining the  
ine f f i c iency  a s  t r a y  ineff ic iency w e  combine t h e  e f f e c t s  of 1 )  p a r t i c l e s  
passing between tubes,  2) poss ib le  dead o r  p a r t i a l l y  dead tubes,  and 
3) dead t i m e  ineff ic iency.  This treatment i s  v a l i d  because a l l  these 
phenomena have t h e  same e f f e c t  on t h e  data.  The t r a y  ine f f i c iency  is 
evaluated by considerat ion of a l l  cosmic ray events i n  a p a r t i c u l a r  sample 
t h a t  must discharge a tube i n  t r a y  10, discharge one and only one tube i n  
each t r a y  1 - 9. The absence of a discharge i n  one t r ay  (5 - 9) is  a l s o  
allowed. The t r a y  ine f f i c iency  is  then defined f o r  t r ays  5 - 9 as  t h e  
r a t i o  of events no t  f i r i n g  a t r a y  t o  t h e  t o t a l  number of events with a 
small correc t ion f o r  events t h a t  f a i l  t o  discharge more than one t r ay .  
Since the  i n e f f i c i e n c i e s  of each of t r ays  5 - 9 do not  vary s i g n i f i c a n t l y ,  
the  i n e f f i c i e n c i e s  of t r a y s  1 - 4 and t r a y  10 a r e  then assumed t o  be  equal 
t o  the  average e f f i c iency  of t r ays  5 - 9 with appropriate correc t ions  f o r  
dead tubes when they occur. 
The ine f f i c iency  observed f o r  s e a  l e v e l  mesons i s  1.5% and is  a t t r i -  
buted t o  the  w a l l  thickness of the  Geiger tubes. The observed ineff ic iency 
f o r  c e i l i n g  cosmic rays,however,is about 3%,where the  d i f ference  can be 
accounted f o r  i n  terms of ine f f i c iency  due t o  the  400 psec dead t i m e  of 
2 Geiger tubes. Using t h e  omnidirectional f l u x  of 1.2 part icles/cm s e c  
given by Winckler, Bhavsar, and Peterson (1961) f o r  a Geiger tube a t  c e i l i n g  
a l t i tudes ,one  p red ic t s  an addi t ional  e f f i c i ency  of  1% due t o  dead t i m e ,  
which is  c e r t a i n l y  an order of magnitude explanation of the  e f f e c t .  
Since the re  i s  such a high r e l a t i v e  population of LASTRA 10 p a r t i c l e s  
compared with LASTRA 9 p a r t i c l e s ,  a "leakage" of only 3% of t h e  LASTRA 10 
p a r t i c l e s  produces an appreciable contamination of t h e  LASTRA 9 matrices 
plus a 3% reduction i n  t h e  LASTRA 10 i n t e n s i t y .  Similar  e f f e c t s  t h a t  
occur between o the r  pages of the  matr ix  a r e  usual ly  minor,except when the re  
is  a dead Geiger tube. A s  a standard procedure, the  f i r s t  s t e p  i n  any f l ux  
ca lcu la t ion  i s  t o  cor rec t  the  number of p a r t i c l e s  i n  any matrix having a 
p a r t i c u l a r  value  of L = LASTRA f o r  "leakage" and e f f i c iency  according t o  
the  following equation. 
Nobs (L) - Nobs (L-I-1) E (L-I-1) 
  TRUE(^) = 1 - E (L) - o (L-I) + E (L) E (L -1) 1 - E (L+X) (B 0 1)  
where: N i s  t h e  number of p a r t i c l e s  i n  any subsection of t h e  m a t r i x ~ a n d  
E(L) is  t h e  ine f f i c iency  of t r a y  L. The r a t h e r  complicated form of the  
denominator of the  f i r s t  term i s  due t o  t h e  f a c t  t h a t  events no t  f i r i n g  
a tube i n  LASTRA - 1 a r e  t r ea ted  as  events f i r i n g  an edge tube and there-  
f o r e  a r e  excluded from t h e  matrix. The i n e f f i c i e n c i e s  used a re ,  of course, 
those obtained by t h e  "in-f l ight" e f f i c i ency  evaluation.  
It was mentioned earlier tha t  the  ine f f i c iency  of t r a y s  1 - 4 and 
t r a y  10 w e r e  assumed t o  be t h e  same a s  those f o r  t r ays  5 - 9 when e f f e c t s  
f o r  dead Geiger tubes were included. This introduces t h e  problem of 
recognizing dead o r  weak tubes i n  t r a y s  1 - 4 and 10. A dead o r  weak 
tube i n  t h e  d i r e c t i o n a l  f i l t e r  t r a y s  could se r ious ly  a f f e c t  the  measured 
f l u x  i f  i t  wasn't detected.  The procedure used t o  v e r i f y  t h a t  a l l  tubes 
a r e  working is t o  intercompare t h e  t r i g g e r  r a t e s  of each of t h e  11 direc-  
t i o n a l  f i l t e r  telescopes f o r  odd and even numbered t r a y s  measured during 
t h e  f l i g h t .  Figure 22a is  an example of such a d i s t r i b u t i o n  and shows 
t h a t  t h e  counting r a t e s  of t h e  individual  telescopes vary by at  most 2% 
when a l l  a r e  working. Using t h i s  method, weak telescopes read i ly  show 
up,and an appropriate correc t ion can be applied.  
Weak tubes i n  t r a y  10 show up when one p l o t s  a  d i s t r i b u t i o n  of d is -  
charges across t h e  t r a y  f o r  s i n g l e  "through" p a r t i c l e s  a s  i n  Figure 22b. 
This p l o t  can then be compared with t h e  d i s t r i b u t i o n  predicted by a model 
tha t  assumes s t r a i g h t  p a r t i c l e  t r a j e c t o r i e s  projected from t h e  d i r e c t i o n a l  
f i l t e r  telescopes.  An addi t ional  ine f f i c iency  due t o  the  weak tube can 
then be computed, t o  be  added t o  the  average t r a y  ef f ic iency.  
I n  closing t h i s  sec t ion  it should be  mentioned t h a t  t h e  dead tube 
correc t ions  f o r  t r a y s  1 - 4 and t r a y  10 were necessary f o r  only one f l i g h t  
out of t h e  whole series included i n  t h i s  analys is .  
APPENDIX C 
DELTA-RAYS 
Penetra t ing p a r t i c l e  events t h a t  have a s i n g l e  p a i r  of adjacent  d is -  
charges i n  an otherwise normal event comprise about 9% of the  LASTRA 10 
events. Application of t h e  term delta-= t o  a l l  such events suggests 
the  i n t e r p r e t a t i o n  of "knock-on" e lec t rons  f i r i n g  an adjacent tube t h a t  
has been applied t o  these  events. Since these  events comprise a s i g n i f i -  
cant f r a c t i o n  of t h e  non-interacting events, clean d i r e c t i o n a l  f i l t e r  
events having a s i n g l e  p a i r  of adjacent  discharges i n  t r ays  5 - 10 and 
one discharge i n  a l l  o the r  t r ays  w e r e  placed on pages 7 through 12 of the  
analys is  matrix according t o  t h e i r  value of LASTRA. (See Table IV.) By 
comparing t h e  number of LASTRA 10 events with zero and one delta-ray 
(pages 6 through 12 respectively)  and t r e a t i n g  t h e  problem a s  an exerc ise  
i n  binomial s t a t i s t i c s  with 6 t r i a l s ,  one obta ins  the  delta-ray probabi l i ty  
per  t r a y  given i n  Eq.  C.1 .  
By evaluating p6 f o r  protons and helium separa te ly ,  w e  show i n  
Figure 23 t h a t  the  delta-ray probabi l i ty  can be decomposed i n t o  a com- 
ponent proport ional  t o  z2 and a charge independent-component. The Z 2 
component is  in te rp re ted  as being due t o  knock-on e lec t rons  f i r i n g  a tube 
adjacent  t o  the  p a r t i c l e  t r a jec to ry ,  while the  charge-independent component 
is a t t r i b u t e d  t o  the  f i n i t e  probabi l i ty  t h a t  an inc l ined  p a r t i c l e  can 
pass through two adjacent  tubes (so-called geometric d e l t a  r ays ) .  The 
nature  of the  geometric delta-ray e f f e c t  i s  f u r t h e r  demonstrated i n  
Figure 23 by t h e  f a c t  t h a t  p6 increases  by an appropriate amount when 
s ingly  and doubly inc l ined  telescopes a r e  spec i f i ed ,  thus allowing more 
highly inc l ined  t r a j e c t o r i e s  which have correspondingly l a r g e r  p r o b a b i l i t i e s  
of discharging adjacent  tubes. 
The correc t ion of f l i g h t  events f o r  t h e  e f f e c t  of delta-rays consis ts  
of dividing t h e  observed number of events with no delta-rays by the  pro- 
b a b i l i t y  Po t h a t  an event w i l l  not  have a delta-ray i n  any t r ay .  
LASTRA 
I? 0 = (l-p6) 
The value of p6 used here ,  however, does depend on p a r t i c l e  energy, fo r -  
tunate ly  i n  a r a t h e r  simple way. Using Ross iPs  (1952) discussion of 
delta-rays and assuming the  "knock-on" e lec t rons  a r e  more energet ic  than 
500 keV, one can show t h a t  such delta-rays can o r i g i n a t e  only from protons 
o r  helium nuc le i  of energies g rea te r  than 250 MeV/nucleon. Clearly t h i s  
f a c t  r e s t r i c t s  t h e  correc t ion f o r  "real" del ta-rays t o  LASTRA 10 where 
the re  is  a measurement of p while t h e  geometric delta-ray correc t ion 8' 
appl ies  t o  a l l  energies.  
APPENDIX D 
SENSITIVE TIME DETERMINATION 
It was noted i n  t h e  main t e x t  tha t  the  d i s t r i b u t i o n  of wait ing t i m e s  
always follows an exponential of t h e  form 
f o r  t i m e s  less than t h e  readout! period,but t h a t  during noisy periods 
the re  i s  a s i g n i f i c a n t  departure from t h i s  d i s t r i b u t i o n  f o r  t i m e s  l a r g e r  
than one readout period. Under t h e  assumption t h a t  t h e  d i s t r i b u t i o n  i s  
exact ly  of t h e  form Eq. D . l  f o r  times t 5 T ( the  readout time), one can 
* define an average truncated s e n s i t i v e  t i m e  T which i s  given by Eq. D.2. 
* 
The observed value of T is  then e a s i l y  r e l a t e d  t o  the  mean s e n s i t i v e  
t i m e  by mul t ip le  i t e r a t i o n  of Eq. D.3. 
Typical values of T and T a r e  0.20 and 0.432 sec,  respectively,  so  t h a t  
the  i t e r a t i o n  converges f a i r l y  rapidly .  When t h e  new transmission s y s t e m  
was employed i n  1967 t h e  b i t  r a t e  was increased t o  4Kc,with a corresponding 
four-fold decrease i n  readout t i m e .  Since t h e  t runcat ion method works 
w e l l  only when TIT < I, the  value of T was maintained a t  0.432 sec, o r  four 
readout periods. While t h e  advantage of el iminating t h e  e f f e c t s  of a l l  
missed events is  l o s t , t h e s e  e f f e c t s  were g rea t ly  reduced because the  read- 
out  time was shor te r  and because t h e  b i t  e r r o r  r a t e  was g rea t ly  reduced. 
The r e j e c t i o n  of t h e  longer dead periods due t o  tuning and tape dropouts 
i s  s t i l l  maintained, however. 
APPENDIX E 
MIXING CORRECTIONS 
The method of resolving t h e  negative diagonal pulse height  d i s t r ibu-  
t ions  i n t o  t h e i r  source components is re fe r red  t o  a s  the  mixing correct ion.  
The d i s t r i b u t i o n  f o r  each value of LASTRA i s  divided i n t o  th ree  pulse 
height  i n t e r v a l s  ( label led  A, B, C) each containing background, protons, 
o r  helium as  i t s  major const i tuent .  The t o t a l  number of observed events 
i n  each i n t e r v a l  N NB, NC can be expressed i n  terms of the  "true" numbers A' 
of protons, helium, o r  background, M Ma, M,, respect ively ,  i f  the  pulse  
P 
height  d i s t r i b u t i o n  of each component i s  known. 
The mixing constants  C a r e  obtained using the  syn the t i c  pulse height  dis-  
t r i b u t i o n s  discussed i n  t h e  main t e x t .  It is a simple matter  of inver t ing  
a 3 x 3 matrix t o  ob ta in  the  r e s u l t  i n  the  following form: 
I n  p r a c t i c e  t h e  constants  D depend only on the  choice of the  pulse  height  
i n t e r v a l s  and t h e  shape of t h e  resolut ion curves,so t h a t  the  matrix need 
be inverted only once f o r  each value of LASTRA. 
The unmixing correc t ion f o r  a p a r t i c u l a r  f l i g h t  then simply cons i s t s  
of determining the  appropr ia te  pulse  height  i n t e r v a l s  based on the  pos i t ion  
normalization of the  LASTRA helium peak and i n s e r t i n g  t h e  appropriate 
t o t a l s  i n t o  Eq. E.2 . As before ,  t h e  philosophy behind t h i s  approach i s  
the  app l i ca t ion  of s tandardized procedures s o  t h a t  consistency i s  maintained 
throughout t h e  ana lys i s  of a l l  f l i g h t s .  
APPENDIX F 
NUCLEAR INTERACTION CORRECTION 
2 Since the  absorber thickness of the  detector,75 gms/cm , i s  a f a i r  
f r a c t i o n  of an i n t e r a c t i o n  mean f r e e  path (u 2 = 160 gms/cm f o r  protons geom . 
and 143 gms/cm2 f o r  helium), the correc t ion f o r  nuclear  in te rac t ions  could 
amount t o  a s  much a s  70% f o r  LASTRA 10 helium. Preliminary inves t igat ions  
of t h e  proton c a l i b r a t i o n  d a t a  indicated  t h a t  a s i g n i f i c a n t  f r a c t i o n  of 
the  i n t e r a c t i o n s  were not so  i d e n t i f i e d  by t h e  detec tor ; therefore ,  i t  was 
decided t h a t  the  c a l i b r a t i o n  da ta  be used t o  der ive  an e f f e c t i v e  mean f r e e  
path f o r  protons,and t h a t  t h e  b a a o o n  d a t a  be used t o  obta in  the  helium 
i n t e r a c t i o n  mean f r e e  path by comparison of proton and helium in te rac t ions ,  
After  it was assured t h a t  near ly  a l l  clean d i rec t iona l  f i l t e r  events 
observed i n  t h e  4 GV Brookhaven test beam were ac tua l ly  s i n g l e  4 GV 
p a r t i c l e s ,  i t  was easy t o  obta in  t h e  mean f r e e  path by observing the  number 
of clean events t h a t  were i d e n t i f i e d  by t h e  detec tor  as  LASTRA 10, zero 
d e l t a  ray  events. When t h e  known e f f i c iency  and delta-ray correc t ions  
were applied t o  these  events, the e f f e c t i v e  mean f r e e  path A e f f .  was 
P 
obtained from Eq.  F. l  . 
x(10) is  the  depth t o  the  center  of t r a y  10. The proton mean f r e e  path 
L 
obtained from t h i s  analys is  is  h p e f f  = 268 gms/cm . I f  t h i s  mean f r e e  
path i s  in te rp re ted  i n  terms of a v i s i b i l i t y  of in te rac t ions  occurring a t  
a r a t e  given by the  geometric mean f r e e  path,  one obtains a v i s i b i l i t y  of 
60% f o r  proton in te rac t ions .  
The analys is  of t h e  balloon f l i g h t  d a t a  t o  obta in  the  helium 
i n t e r a c t i o n  mean f r e e  path concentrates on t h e  numbers of events t h a t  
appear t o  i n t e r a c t  a t  o r  s l i g h t l y  above Trays 7 through 10. The depth 
of the  i n t e r a c t i o n  is defined as  t h e  Geiger tube t r a y  i n  which the  f i r s t  
mul t ip le  discharge occurs,and the  charge of t h e  i n t e r a c t i n g  p a r t i c l e  i s  
determined by t h e  dE/dx pulse  height .  I f  one considers f luxes  of protons 
and helium,N and N 
oh respect ively ,  inc ident  on a s l a b  of mater ia l  0 P 
of thickness x, and asks the  r e l a t i v e  number of each N and Nih t h a t  w i l l  
i p  
i n t e r a c t  i n  a small absorber thickness Ax j u s t  below the  l a r g e r  s l ab ,  
one obta ins  t h e  following equation: 
Simi lar ly ,  the  r e l a t i v e  numbers - not i n t e r a c t i n g  N and Nnon up t o  
non p 
a depth x have t h e  following r a t i o :  
I n  t h e  present  ana lys i s  t h e  r a t i o  defined by Eq, F . 2  was  obtained a t  the  
depths of 'Prays 7 - l0,and t h e  r a t i o  defined by Eq. F,.3 was obtained a t  
t h e  depth of t r a y  10. Obviously t h e  r a t i o s  of these two sets of numbers 
uniquely def ine  t h e  e f f e c t i v e  helium mean f r e e  path~assuming t h a t  t h e  
proton mean f r e e  path is  known. I n  determining t h e  r a t i o s  defined by 
both Eqs. F . 2  and F . 3  small,  w e l l  defined correc t ions  w e r e  applied f o r  
t h e  s e l e c t i v e  e f f e c t s  of delta-rays and a small  e l ec t ron  contamination 
t o  t h e  protons i n t e r a c t i n g  i n  t r a y  7 .  The e lec t ron  contamination i n  
t r ays  5 and 6 i s  s o  l a r g e  t h a t  the  d a t a a r e n o t  useful  i n  t h i s  analys is .  
The helium mean f r e e  path obtained i n  t h i s  analys is  i s  h = 154 gms/cm 2 
e f  f 
and gives a v i s i b i l i t y  of helium i n t e r a c t i o n s  of 91%. 
The mean f r e e  paths obtained i n  t h i s  ana lys i s  r e s u l t  i n  correc t ion 
f a c t o r s  of 1.32 and 1.62 f o r  LASTRA 10 protons and helium, respect ively .  
Table V I I I  surmnarizes t h e  nuclear  i n t e r a c t i o n  correc t ion applied t o  the  
various values of LASTRA. 
APPENDIX G 
ATMOSPHERIC SECONDARIES 
The l a r g e s t  correc t ion t o  the  low energy por t ion of the  proton 
s p e c t r a  is ,  of course, t h a t  f o r  atmospheric secondaries. The method 
used here  cons i s t s  of a combination of ca lcu la t ion  of the  s p e c t r a l  shape, 
a l t i t u d e  dependence, and s o l a r  cycle e f f e c t s  with v e r i f i c a t i o n  of t h e  
amplitude of t h e  secondary f l u x  obtained by using a va r ie ty  .of observational  data.  
The generat ion and propagation of atmospheric secondaries is  governed 
by E q .  G . l  . 
n(E,x) i s  the  secondary i n t e n s i t y  a t  an energy E and atmospheric depth x, 
The f i r s t  term on t h e  l e f t  is  t h e  s p a t i a l  propagation term,and the  second 
term is the  energy propagation term due t o  ion iza t ion  losses .  The source 
term on the  r i g h t  has been assumed t o  be independent of atmospheric depth. 
This i s  v a l i d  t o  f i r s t  order ,s ince  t h e  nuclear  in te rac t ions  producing the  
secondaries a r e  caused by high energy cosmic rays  whose i n t e n s i t y  i s  
observed t o  be constant  over small depths. We have a l s o  included a s ink  
term f o r  nuclear  absorption of the  secondaries. The so lu t ion  t o  Eq.  G . 1  
by a method s imi la r  t o  t h a t  presented by Ray (1960) is  complicated only 
by t h e  s e l e c t i o n  of t h e  appropriate ion iza t ion  and source functions,  The 
dE/dx function was represented ( Eq. G,2 ) a s  a simple power law which i s  
v a l i d  over t h e  i n t e r v a l  of i n t e r e s t  (10 MeV t o  300 MeV). 
dE _ - -243.6 E 78 ~ e ~ / ~ m / c n ~  (E i n  MeV) (G.2)  
dx 
With t h i s  s i m p l i f i c a t i o n  t h e  s o l u t i o n  t o  Eq. G . l  becomes: 
rE" 
E' is  t h e  energy t h a t  a p a r t i c l e  of energy E a t  a depth x would have at 
t h e  top  of t h e  atmosphere. R(E) is  t h e  range of a p a r t i c l e  of energy E. 
The source  func t ion  q(E) which has been used i n  Eq. G . 3  is  based on 
the  secondary pro tons ,  deuterons and t r i t o n s  emi t ted  from nuc lea r  i n t e r -  
a c t i o n s  induced by cosmic r ays  i n  nuc lea r  emulsions [N(E) i n  Eq. G.51 
s t u d i e d  by t h e  B r i s t o l  group (Powell e t  a l .  1959).  
r i m  
q(E) = 0,85 O(E) N(E) dE 1 
z  hz  
The f a c t o r  0.85 i s  t h a t  deduced by F i c h t e l  e t  a l .  (1964) f o r  convert ing 
secondary i n t e n s i t i e s  observed i n  emulsions t o  air. To ob ta in  t h e  
f r a c t i o n  of secondar ies  emi t ted  i n  t h e  forward d i r e c t i o n  O(E), t h e  
angular  d i s t r i b u t i o n s  of secondary p a r t i c l e s  given f o r  ~1~~ by Metropolis 
e t  al. (1958) have been i n t e g r a t e d  t o  obta in :  
O(E) = 0.77 protons 30-90 MeV 
O(E) = 0.92 pro tons  >90 MeV 
F igu re  24 shows t h a t  when t h e  angular  d i s t r i b u t i o n  i s  fo lded  i n t o  t h e  
B r i s t o l  star spectrum, a two-component power l a w  i n  energy f i t s  t h e  
d a t a  f a i r l y  w e l l  above 50 MeV. 
I n  t h e  summation i n  Eq.  G -5, Jprim(Z) i s  t h e  i n t e g r a l  primary f l u x  
above 250 ~ e ~ / n u c l e o n  of charge Z,and is  the  corresponding mean f r e e  
path i n  emulsion. P a r t i c l e s  of higher charge a r e  assumed t o  be  no more 
e f f e c t i v e  than protons i n  t h e  numbers of secondaries t h a t  a r e  produced. 
I n  p r inc ip le ,  each of these  terms should involve an i n t e g r a l  of nucleon 
m u l t i p l i c i t y  t i m e s  the  primary spectrum. However, s ince  the  da ta  i s  
ava i l ab le  already in t regra ted  w e  need t o  def ine  a cutoff  energy. 
The cutoff  of 250 MeV/nucleon was se lec ted  on t h e  b a s i s  of the  infor-  
mation presented i n  Figure 25. It i s  a p l o t  of t h e  r e l a t i v e  importance 
i n  secondary production a s  a function of t h e  energy of the  primary. The 
importance i s  defined a s  the  m u l t i p l i c i t y  of t h e  nuclear  i n t e r a c t i o n  given 
by Metropolis (1958),multip&ied by t h e  s o l a r  minimum proton spectrum pre- 
sented by Meyer (1969). Mul t ip l ica t ion of the  curve by the  energy E t o  
compensate f o r  t h e  logari thmic s c a l e  allows the  i n t e r p r e t a t i o n  of t h e  
area  under t h e  curve a s  a number of p a r t i c l e s .  The cutoff  a t  250 MeV was 
somewhat a r b i t r a r i l y  se lec ted  because f o r  t h i s  de tec to r  i t  is  the  energy 
above which i n t e g r a l  f luxes  a r e  most r ead i ly  obtained, Note, however, 
t h a t  t h e  cutoff  pos i t ion  is  not  c r i t i c a l .  A change of + 100 MeV would 
a l t e r  t h e  i n t e n s i t y  by only + 5%. For t h e  lack of any b e t t e r  information, 
t h e  cutoff  f o r  t h e  heavier  cosmic rays was a l s o  se lec ted  as  250 ~ e ~ / n u c l e o n ,  
An absorption mean f r e e  path f o r  t h e  s e c ~ n d a r i e s  of 150 gmslcm 2 
(Chen e t  a l .  1955) w a s  assumed. 
Now t h a t  a l l  the  q u a n t i t i e s  i n  Eq.  6.5 a r e  defined, t h e  i n t e g r a l  i n  
Eq.  G . 3  can be computed numerically with t h e  r e s u l t i n g  spec t ra  shown i n  
2 Figure 26. These spec t ra  a r e  based on a f l u x  of 2000 par t i c l es lm s e e  
ster of protons and 220 part icles/m2 s e c  ster of helium nuc le i  and 40 
part icles/m2 s e c  s ter of heavier  nucle i ,  with i n t e r a c t i o n  mean f r e e  paths 
2 
of 1Q09 45 and 25 gms/cm , respect ively ,  and correspond t o  t h e  ca lcula t ion 
and observations of secondary protons made by F r e i e r  and Waddington (1968). 
I n  Figure 27 the  derived s e ~ o n d a r y  spec t ra  a r e  compared with the  observed spec t ra  
presented by F r e i e r  and Waddington, which were obtained from emulsion s tud ies  and 
Teegarden (1967), which were obtained from simultaneous balloon s a t e l l i t e  observa- 
t ions .  Note t h a t  the  shapes a r e  a l l  q u i t e  s imilar ,and t h a t  t h e  F r e i e r  and 
Waddington spectrum has the  same i n t e n s i t y  as  t h i s  model p red ic t s  above 
40 MeV,while t h e  Teegarden spectrum i s  20% more in tense .  We w i l l  withhold 
any i n t e r p r e t a t i o n  of t h i s  d i f fe rence  u n t i l  t h e  e f f e c t  of s o l a r  modulation 
has been discussed. 
Referring t o  Figure 25 w e  a r e  reminded t h a t  the  f l u x  of secondary 
cosmic rays  is  s e n s i t i v e  t o  the  primary i n t e n s i t y  i n  a broad neighborhood 
around 1.5 GeV. Since the  primary i n t e n s i t y  a t  1.5 GeV is expected t o  
change by 60% over t h e  s o l a r  cycle,we should expect a s i m i l a r  change i n  
t h e  secondary f lux.  The a c t u a l  change a s  represented by the  areas  under 
the  curves i n  Figure 25 is 55%. 
The top sec t ion  of Figure 25 presents  t h e  r e l a t i v e  i n t e n s i t y  va r ia t ion  
of atmospheric secondaries over t h e  s o l a r  cycle, a s  deduced from the  bottom 
of t h a t  f igure ,  normalized t o  the  point  where t h e  s p e c t r a l  ca lcu la t ion  was 
made. The v a r i a t i o n  was assumed t o  be  l i n e a r  over the  s o l a r  cycle. The 
points  p lo t t ed  on t h a t  l i n e  a r e  those determined by f i t t i n g  t h e  observed 
secondary spec t ra  mentioned previously with the  3 gm/ cm2 t h e o r e t i c a l  curve 
from Figure 26. It appears t h a t  the  s l i g h t  excess of secondaries observed 
by Teagarden can be explained by s o l a r  modulation of the  source of t h e  
secondaries. I n  appl ica t ion a£ t h e  secondary correct5on t o  f l i g h t  data,  
t h e  shapes of t h e  secondary s p e c t r a  w e r e  assumed t o  remain t h e  same wi th  
t h e  amplitude being sca led  by t h e  use of Figure 25. 
As a f i n a l  v e r i f i c a t i o n  of t h e  i n t e n s i t y  of the  secondary flux,we 
consider  t h e  atmospheric "growth curve" presented i n  Figure 28. The da ta  
po in t s  i n  t h a t  f i g u r e  were obtained by combining t h e  LASTRA 4 proton f luxes  
from t h e  ascent  po r t ions  of four  ba l loon f l i g h t s  made i n  1968 and 1969. 
The secondaries  a r e  most i n t e n s e  and pr imar ies  l e a s t  i n t ense  at  these  low 
energies  (66 - 106 MeV). The curve l a b e l l e d  "secondaries" is  t h e  growth 
curve obtained from t h e  model a t  t h e  appropr ia te  energy and s o l a r  cycle  
normalizat ion.  The curve l a b e l l e d  "primaries" was obtained by propagating 
a combination of t h e  1968 and 1969 primary proton s p e c t r a  through t h e  a t -  
mosphere,taking account of i o n i z a t i o n  and nuc lea r  absorpt ion los ses .  The 
curve represent ing  t h e  t o t a l  proton i n t e n s i t y  vs. depth i s  observed t o  
pass through most of t h e  p o i n t s  up t o  depths of 50 gms/cm2 and is only i n  
2 
s l i g h t  excess from 50 - 100 gms/cm . The excess t h a t  t h e  model p r e d i c t s  
a t  l a r g e  depths may be  an i n d i c a t i o n  t h a t  t h e  source funct ion  of t h e  se- 
condaries  i s  diminishing somewhat a t  t hese  l a r g e  depths. 
This  method is  somewhat d i f f e r e n t  from t h e  usual  procedure of using 
t h e  growth curves t o  de r ive  t h e  secondary i n t e n s i t y  i n  t h a t  i t  assumes t h a t  
t h e  primary spectrum is al ready known. However, t hese  methods usua l ly  
assume t h a t  t h e  growth processes a r e  l i n e a r  a t  small  depths. Figure 28, 
on t h e  cont rary ,  shows t h a t  t h e  growth processes a r e  q u i t e  complex and 
a r e  by no means l i n e a r .  The agreement demonstrated i n  Figure 28 is  i n t e r -  
p re t ed  a s  a f u r t h e r  v e r i f i c a t i o n  of t h e  i n t e n s i t y  and s o l a r  cycle  v a r i a t i o n  
of t h e  secondary correc t ion .  
APPENDIX H 
EDGE TUBE EFF'ECTS 
A f a i r  f r a c t i o n  o f  t h e  apparen t  s topping  p a r t i c l e s  are observed t o  
f i r e  edge tubes  i n  e i t h e r  of t h e  last two t r a y s  discharged.  This  e f f e c t  
is  demonstrated i n  F igu re  29,which is a p l o t  of  t h e  r a t i o  of  s topping  
even t s  t o  "through" events as a f u n c t i o n  of Geiger  tube  f i r e d .  The edge 
tubes  have a much h ighe r  r a t i o  of  "stopping" even t s .  For  t h i s  r e a s o n , a l l  
11 s topping" even t s  that f i r e d  an edge tube  i n  e i t h e r  of t h e  l as t  two t r a y s  
d i scharged  were r e j e c t e d .  
S ince  a s m a l l  f r a c t i o n  of t h e  r e a l  s topping  events  is r e j e c t e d  by 
t h i s  c r i t e r i o n ,  an a p p r o p r i a t e  c o r r e c t i o n  was determined by us ing  t h e  p r e d i c t e d  
d i s cha rge  d i s t r i bu t ions , a s suming  s t r a i g h t  p a r t i c l e  t r a j e c t o r i e s  p ro j ec t ed  
from t h e  d i r e c t i o n a l  f i l t e r  t e l e scopes .  The v a l i d i t y  of t h e s e  d i s t r i b u -  
t i o n s  was p rev ious ly  demonstrated i n  F igu re  22b f o r  LASTRA 1 0  pro tons .  
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TABLE I V  
IDENTIFICATION OF MATRIX PAGES 
Page Number Event C l a s s i f i c a t i o n  
LASTRA = 5 No 6-rays 
LASTRA = 6 No 6-rays 
LASTRA = 7 No &-rays 
LASTRA = 8 No 6-rays 
LASTRA = 9 No 6-rays 
LASTRA =10 No 6-rays 
LASTRA = 5 One 6-ray 
LASTRA = 6 One 6-ray 
LASTRA = 7 One 6-ray 
LASTRA = 8 One 6-ray 
LASTRA = 9 One 6-ray 
LASTRA =10 One &-ray 
ISHOWR~ = 5 I n t e r a c t i n g  Event 4 
ISHOWR = 6 I n t e r a c t i n g  Event 
ISHOWR = 7 I n t e r a c t i n g  Event 
ISHOWR = 8 I n t e r a c t i n g  Event 
ISHOWR = 9 I n t e r a c t i n g  Event 
ISHOWR =10 I n t e r a c t i n g  Event 
LASTRA =10 S ing le  L a t e r a l  Gap 5 
'LASTRA i s  t h e  number of t h e  l a s t  t r a y  conta in ing  a Geiger 
tube discharge.  
2~ 6-ray is  def ined  as a p a i r  of ad jacent  Geiger tube  d ischarges  
i n  a t r ay .  
3~~~~~~ is  t h e  number of t h e  f i r s t  t r a y  i n  which a m u l t i p l e  
d ischarge  occurs.  
4 ~ n t e r a c t i n g  events  a r e  def ined  as events  w i t h  two o r  more 
d ischarges  over  one p e r  t r a y .  
5~ s i n g l e  l a t e r a l  gap i s  def ined  a s  a s i n g l e  p a i r  of non- 
ad j acen t  d i scharges .  
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TABLE V I I I  
NUCLEAR INTERACTION CORRECTIONS 
FOR PROTONS AND HELIUM 
LASTRA A v e r a g e  D e p t h  N u c l e a r  Interaction C o r r e c t i o n  
2 ( g m / c m  Protons H e l i u m  
= 268 gms/cmL 
= 154 g m s l c m  2 
' h e l i u m  
TRAY I- 
2- 
I I 
-a!z? STYROFOAM 
dE x COUNTER 
CALORIMETE 
COUNTERS 
LEAD 
PLATES 
Figure 1. 

TRAY 
STYROFOAM 
-dE dx COUNTER' 
-CALORIMETER 
COUNTERS 
LEAD 
- 
PLATES 
Figure  3,  
1 I MODULATOR PCM I 
TELEMETRY TAPE ( RECEIVER RECORDER TIME CODE 
DEMODULATOR ANALOG TAPE 
GROUND 
STATION 
I ANALOG TAPE PLAYBACK I 
8 I 
DATA CHANNEL DATA CHANNEL 
BIT SYNCHRONIZER a 
ANALOG TO DIGITAL 
CONVERTER 
1 CDC 3 2 0 0  I 
TIME DECODER 
8 DISPLAY 
I COMPUTER I 
@ DIGITAL TAPE 
PROGRAM FINBUM EVENT 
LOCATION Fi NOISE REJECTION 
FlNDUM TAPE 
IBM 7 0 9 4  
PROGRAM ULTIMATE 
PLOTTING A THREE DIMENSIONAL 
MATRIX OF SELECT EVENTS 
- 
Figure 4 .  
u HELIUM 
0- PROTON 
CALORIMETER (channels) 
Figure  5. 
Figure 6 .  
dE/dx - CALORIMETER- CHANNELS 
dE/dx + CALORIMETER-CHANNELS 
Figure 7. 
dE/dx + CALORIMETER-CHANNELS 
Figure 8. 
BROOKHAVEN 
CALIBRATION SETUP 
Figure  9a. 
EXPERIMENTAL SETUP 
Figu re  9b. 
CLEAN DATA 
FLT 1178 NOISY DATA 
TlME 432 SEC 
10 
.0001 .001 .01 0.1 1 .o 
SENSITIVE TlME - SECONDS 
Figure 10. 
dE/ dX + CALORIMETER -CHANNELS 
Figure  11. 
DEEP RIVER NEUTRON MONITOR 
Figure 12. 
DEEP RIVER NEUTRON MONITOR 
Figure  13. 
HELIUM 
E 2 260 MeV/ NUC. 
DEEP RIVER NEUTRON MONITOR 
Figure  1 4 .  
BEEP RIVER NEUTRON MONITOR 
Figure 15. 
ENERGY - MeV , 
Figure 16. 
1 .o 
0.5 
0.2 
0. I 
0.05 
50 100 280 500 
ENERGY - MeV/NUCLEON 
Figure 17. 

HELIUM 
@ $"HIS WORK 
CHICAGO 
50 100 2 0 0  5 0 0  
ENERGY - MeV /NUCLEON 
Figure  19. 
RIGIDITY - GV. 
Figure 20. 

1.4 
D = DIAGONAL ELESCOPE 
1.3 V = VERTICAL TELESCOPE 
TUBE NUMBER 
Figure 22. 
Figure 23. 
ENERGY - MeV 
Figure 2 4 .  
6200 6400 6600 6800 7000 
DEEP RIVER NEUTRON MONITOR 
SSUMED CUT OFF 2 5 0  MeV 
I 1.0 10 
INCIDENT PROTON ENERGY - GeV 
Figure 25. 
ENERGY - MeV 
Figu re  26. 
a F R E E R  €3 WADDINGTON 1963 
TEEGARDEN 1965 
10 100 
ENERGY - MeV 
Figure  27. 
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